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Effect of Transient Voltages on Power 

Transformer Design 

BY K. K. PALUEFF* 

Associiilo, A. I. J5. E. 


Synopsis.—Wien subject to transient voltage excitation, local 
concentration of voltage lakes place in an ordinary transformer in 
which the capacitance charging current of the coils to ground is 
supplied through the winding, or the ratio of inductance and cnpaci- 
lance of the various parts throughout the winding is not constant. 

alculahous and tests of voltage distribution in the winding, caused 
>U the impact of (a) damped high-frequency oscillations, and (6) 
unidirectional traveling waves, arc given. In order to make the 
analysis clearer, the transformer winding is considered as a 
network of inductances and capacitances, and this term “ network ” 
is used throughout the paper. Certain simplified and typical net- 
t oor/cs are considered. 

Transformers having one terminal grounded , such as are used 
m three-phase star connection , particularly in high voltage systems, 
are frequently built with the insulation graded to other windings and 
ground * in the order of the normal frequency voltage stress. The 
danger of such a practise is shown in power transformers which arc 
subject to transient overvoltage , since voltage oscillation in the 
winding may raise the voltage to ground at intermediate points 
above the terminal voltage , unless the design of the winding eliminates 
oscillation. 

/7n; theoretical and experimental data given shaio that the 
distribution and magnitude of voltage stresses existing during 


recognized standard insulation tests are essentially different j 
stresses created by transient voltages. This permits the cortfu'uc- 
tion of transformers that would satisfactorily pass standard insu- 
lation tests but fit the same time would not be suitable for average 
service. 

A new type of a transformer called “non-resonating,” for use on 
grounded neutral systems , is described. 

In transformers of this type , voltages of all frequencies distribute 
uniformly along the windings , as the possibility of internal voltage 
resonance is eliminated by a proper balance of distributed capaci¬ 
tance and inductance of the winding. 

This is accomplished principally by means of conducting sur¬ 
faces (shields ) placed outside of the winding and connected to its 
line terminal. 

The action of the shields is similar to that of the shielding ring on 
amnsulator string. It neutralizes the effect of the capacitance ear rent 
from the inside surface of the winding to ground , by supplying to 
every point of the winding a “charging” current equal to the “dis¬ 
charging” current of that point to ground. The application of the 
shield in some cases reduces the local stresses to one-eightieth. 

Up to the present time\ the total capacity of this new type of trans¬ 
former exceeds half a million kv-a. 


I F the problem of designing the transformer insula¬ 
tion were limited to the requirements of normal 
frequency dielectric stress, it would be relatively 
simple. 

It is not, however, the normal voltage stresses which, 
in high-voltage transformers, require the most careful 
consideration to predetermine the amount, kind, and 
arrangement of the insulation, but the transient stresses 
set up by abnormal conditions on the circuit. 

The necessity for extra insulation, above that re¬ 
quired to meet the A. I. E, E. test (or any other recog¬ 
nized standard rules) is due to two facts: 

1. Transformers, even of high voltages, are subject 
to transient voltages many times the normal circuit 
voltage to ground. Records show from 10 to 15 times 
normal voltage to ground even on 220-kv. systems. 

2. Most transient voltages are high-frequency oscil¬ 
lations, or are traveling waves lasting a number of 
microseconds, and the ordinary transformer does not 
permit these voltages to be uniformly distributed 
throughout the winding. This is because the trans¬ 
former winding is not a pure inductance, but also 
contain^ distributed capacitance. 

To ^y^ermine the effect of the above considerations 
on vie transformer design two alternative designs of 
20,000-kv-a., 220,000-volt transformer were prepared. 

•Research Engineer, Transformer Engg. Dept., Goneral Elec¬ 
tric Company, Pittsfield, Mass. 

Presented at the Winter Convention of the A. I. B. E., New York, 
N. Y., Jan. SS-Feb. 1,1929. 


Both alternatives were to satisfy identical operating 
characteristics as efficiency, reactance, potential test, etc. 

X he first design was made in accordance with the 
A. L E, E. Standards, as well as transient voltage 
requirements developed by the years of experience and 
incorporated into practise for at least ten years. 

The second design was made in accordance with 
A. I. E. E. Standards only. 

1 he comparison revealed that first transformer 
cost 40 per cent more than the second and has 75 
per cent more of active material than the second. 

It is important to note that the second transformer 
would withstand successfully not only the tests called 
for by A. J. E. E. Standards but also all the tests called 
for by any other recognized standard rules including 
those which specify so called "surge or impulse test.” 

1 his is because such tests impose on transformers 
transient voltage of an amplitude negligible in com¬ 
parison with those experienced in actual service. 

In 1919, L. F. Blume and A. Boyajian presented to 
the A. I. E. E. a paper on Abnormal Voltages within 
transformer Windings.' In this paper, with certain 
approximations, fundamental laws governing voltage 
transients in transformers were explained and expressed 
in mathematical form. 

In 1922, J. M. Weed, 4 in a paper entitled Prevention 
of Transien t Voltage in Windings, before the A. I. E. E., 

1. A. I. E. E. Trans., Vol. XXXVIII., p. 577. 

2. A. I. E. E. Trans., Vol. XLL, p. 149. 
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.scribed a principle for the construction of non- 
•esonating windings, in which line voltages of all 
frequencies are distributed uniformly throughout the 
windings. 

With the assistance of these two papers, and much 
ditional study and experiments, a new type of trans¬ 
fer has been developed for operation with solidly 
grounded neutral, which is believed to be better adapted 
to resist stresses caused by voltage transients than any 
type used heretofore. 

This new type differs from the ordinary concentric 
winding, core type transformer, by the presence of 
conducting surfaces enveloping part of the outside 
(high-voltage) winding. These surfaces are called 
“shields.” They are connected to the line terminal 
and properly insulated from the rest of the winding 
and ground. The shields, being on the outside of the 
winding and some distance away from it, do not affect 
its construction, and therefore ordinary disk coils, 
that are typical of power transformers, are used in 
“non-resonating” transformers. The capacitance, of 
shields to the winding is so proportioned that voltages 
of all frequencies and wave shapes distribute uniformly 
throughout the winding. Therefore, the voltage 
stresses, produced by the transients at various parts 
of such a transformer, are very materially smaller 
than those found in transformers of the conventional 
type. In some cases, application of shields reduced 
stresses to one-eightieth. 

The object of this paper is to describe the effect of 
transient voltage on ordinary as well as “non¬ 
resonating” transformers. 

However, in order better to understand the principles 
involved, first an attempt will be made to describe 
non-mathematically, the chief characteristics of tran¬ 
sient voltage phenomena. 

Part I 

Transient Voltage Phenomena 
a. equivalent networks 
1. Elementary Circuit. Most engineers, who deal 
with electrical phenomena of commercial frequencies 
only (25 to 60 cycles), picture to themselves inductance 
as a spiral' wire, and capacitance as two parallel plates, 
and therefore are not apt to recognize these characteris¬ 
tics when they are disguised in different geometric 
forms. Furthermore, again due to everyday experience 
with low frequencies, they are accustomed to t.hinlr 
of some apparatus (such as transformers and choke 
coils) as pure inductances, and of others as pure capaci¬ 
tances (parallel plates, synchronous condensers), or as 
resistances. To discard these faulty notions is the 
first step toward the understanding of transient phe¬ 
nomena. 

If a 5 (see M, Fig. 1) is a piece of conductor in air, and 
direct current is applied across the conductor, a current 
/ will be established init. If we take any two points on 
the conductor, like a and b, «i b u etc., we find that 


there is a difference of potential between them e ei e 2 , 
etc. 

As the conductor is surrounded by a dielectric (air), 
these potential differences will establish lines of dielec¬ 
tric stress, as shown in Fig. 1. The current I, flowing 
through the conductor, will of course create lines of 
magnetic stress around the conductor. The lines of 
dielectric stress can be represented by minute con¬ 
densers Ci c 2 c 3 and the magnetic flux by minute induc¬ 
tances. As no conducting material is entirely resis¬ 
tanceless, the resistance must also be included, and it 
can be shown in a conventional manner. 

Thus we see that a straight piece of conductor, no 
matter how small, and regardless of its material, is not 
a pure resistor, but is equivalent to a complicated 
network of elementary condensers, inductances, and 
resistances. 

Even a conducting sphere immersed in a dielectric 
with potential applied between any two points of its 
surface is also equivalent to a network of all three 
elementary constants. Also two parallel plates with 
terminals a b are equivalent to a network of all three 
elementary circuits. 

Depending on the size of the conductor and the 



Fig. 1—Equivalent Circuit op a Simple Conductor 

nature of the problem, different elementary distributed 
constants can be lumped together, and thus converted 
into a simpler (but for a given problem, equivalent) 
network of a pure condenser shunted with a pure induc¬ 
tance, which inductance is connected in series with a 
pure resistance (N in Fig. 1). 

When it is desired to take losses in the condenser into 
account, two more pure resistances are added, as shown 
at P Fig. 1. Their ratio depends on the characteristics 
of the dielectric and the shape of the condenser plates. 

The conclusion is that pure constants do not exist in 
practise; therefore, whenever a part of a circuit acts as 
pure inductance, capacitance, or resistance, it simply 
means that at the frequency of the phenomenon under 
consideration, the characteristics of this partic ular con¬ 
stant dominate. 

B. SUSTAINED AND DAMPED OSCILLATION 
1. Elementary Circuit. To simplify further discus¬ 
sion, let us neglect the resistances of elementary net¬ 
work, Fig. 2, and thus assume the elementary conductor 
ah, as represented by a pure concentrated capacitance 
C in parallel with a pure concentrated inductance L. 
With voltage £ of a given frequency / impressed 
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across terminals ab of elementary circuit Fig. 1, current 
I will flow through the terminals. 

Current I = ii — i, 
where i\ is current in the inductance 
where i c is current in the condenser 
As current is proportional to the susceptance of the 
circuit, I = susceptance of inductance + susceptance 
of the condenser. Taking the susceptance of the induc¬ 
tance as positive, and of the condenser as negative, we 
have: 

Susceptance of inductance = 4- , * , , 

2 tt f l 

Susceptance of condenser = - 2j r/C 
Fig. 4 shows graphically the change in susceptances due 
to change in frequency. Curves L and C illustrate 
susceptance or current in the inductance and condenser 
respectively. Curve A represents combined suscep¬ 
tance of the two, connected in parallel, or the current 
through terminals a b. This curve is obtained by 



Fig. 2—Cboss-Section op Comparatively High-Voltage 
Power Transformer Winding 

subtracting the respective values of curves L and C 
respecting their signs. As reactance is inverse to sus¬ 
ceptance, the reactance of the circuit is represented by 
curve Z. 

Judging the circuit by the voltage and current at 
terminals ab, we conclude that at zero frequency 
(direct current) the entire line current is flowing through 
inductance and the circuit acts as a pure inductance of 
value L. With rising frequency, the current in the 
inductance diminishes and condenser current is created. 
However, as this condenser current is much smaller 
than the inductance current, the line current is still 
inductive but of smaller value than for inductance L 
alone. Thus the circuit at low frequency acts as pure 
inductance but greater in value than L. This apparent 
increase in inductance of the circuit increases with 
increase in frequency until near a certain frequency f, 
the circuit acts as practically infinite inductance. At 
frequency /1 the inductance current is exactly equal to 
the condenser current, and therefore there is no current 
in the line and the network acts as an open circuit. At a 


liHS 

frequency slightly beyond /, the condenser current is 
greater than the inductance current, therefore the line 
current is leading and the circuit is in elfeet a pure 
condenser but much smaller than condenser C. With 
further increase in frequency, the inductance current 



Fig. 3—Transformer Equivalent Network 

A. Network of adjacent turns 

B. Network of entire winding. 

C. SimpUSed B. 

falls down rapidly, while the condenser current steadily 
increases, and the line current increases as if the circuit 
were that of a pure condenser, increasing in size with 
frequency but always remaining smaller than C. 
Finally at infinite frequency, the current in the induc¬ 
tance becomes zero, and the entire line current flows 



Fig. 4—Elementary Circuit. Change of Reactance and 
Admittance with Frequency 

through the condenser, and the circuit acts as a pure 
condenser of value C. 

The conclusion is that the elementary circuit, under 
sine wave excitation at frequencies between zero and 
ft, acts as a pure inductance ranging in value from L to 
infinity and at frequencies between /i and infinity acts as 
a pure condenser ranging in value from zero to C. 
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It is common knowledge that the frequency fi, the 
critical or natural frequency of the circuit, depends 
only on the product L C and is inversely proportional 
to the square root of this product— 

The values of L and G depend on the physical char¬ 
acteristics of the elementary conductor and of the sur¬ 
rounding dielectric medium. 

The conclusion is that pure constants do not exist in 
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Fig. 5— Two Elementary Circuits in Series. Change of 
Reactance with Frequency 

practise, therefore whenever a part of a circuit acts as 
pure inductance, capacitance, or resistance, it simply 
means that at the frequency of the phenomenon under 
consideration, the characteristics of this particular 
constant dominate. 

It follows that one and the same elementary circuit 
may behave as a short circuit, an inductance, an open 
circuit, or a capacitance, depending upon the frequency 
of the applied voltage. 

2. Two Elementary Conductors in Series. Let us 



take two conductors 1 and 2 which differ in L and C 
as well as in their respective products. The variation 
of the reactance of each conductor with frequency can 
be shown as on Fig. 5 (curve Z x corresponds to con¬ 
ductor 1 and curve Z 2 to conductor 2). 

If these conductors are connected in series then the 
combined reactance Z xi for any frequency will be equal 
to the algebraic sum of Z x and Z 2 for that frequency, 
and the share of the total voltage E ac that will appear 
across each conductor will be equal to the proportion 


tha t the reactance of this conductor bears to the total 
reactance Z x2 . 

Examination of curves Z u Z 2 , and Z n reveals the 
following: 

At DC or low frequency, both conductors act as 
pure inductances of L x and L 2 in values and divide 
line voltage in direct proportion to these values. 

The reactance of circuit No. 2 rises slowly with fre¬ 
quency. The reactance of No. 1 rises very rapidly 
and becomes infinite at f x . For these reasons at fre¬ 
quencies approaching /i a greater and greater portion 
of the line voltage appears across conductor No. 1, 
until at/i the entire line voltage E a0 concentrates across 
a b. This is shown by curve No. 1 of Fig. 7. 

Between frequencies fi and / 2 , conductor No. 1 acts 
as a condensive reactance, while conductor No. 2 is 
still an inductive reactance, and the voltage across the 
two parts of the circuit is 180 deg. out of phase. 
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Fig. 7—Variation of Voltage Distribution with Frequency 
Between Two Elementary Circuits 

At a certain frequency/ 3 , the reactance of both becomes 
numerically equal, and the total reactance of the circuit 
becomes zero, therefore any finite voltage will create 
an infinite voltage across each one. This rise of 
voltage to infinity, however, is not instantaneous with 
the closing of the circuit. It is linear with time. 
The amplitude of each succeeding half cycle increases 
by the amplitude of the line voltage. 

At any frequency above / 2 both conductors act as 
pure condensers, gradually increasing in size with 
increasing frequency until at infinite (or very high) 
frequency they reach their actual values C i and C 2 . 

The line voltage divides between them in inverse ratio 
of the values of their effective capacities for the cor¬ 
responding frequency. 

As at / 2 and somewhat higher frequency, conductor 
No. 2 acts as an extremely small condenser in com¬ 
parison with No. 1, the whole voltage concentrates 
across it. (Curve No. 2, Fig. 7.) 

For example, taking a network where: 
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The dielectric stress from a to b and b to c, at different 
frequencies, will be as follows: 


Dielectric stress in per cent 
Frequency range of line voltage 



. a to b 

b to c 

Direct current or very low. 

66.6 

33.3 

Natural frequency of a & = /i... 

100 

0 

Natural frequency of 6 c = fo... 

0 

100 

Natural frequency of a c = / 3 ... 

infinity 

infinity 

Infinite or very high.. 

9 

91 


This tabulation shows that to design apparatus 
properly it is necessary to know the range of frequency 
to which it may be subjected as otherwise its life may be 
unduly short. 

3. Three Dissimilar Elements in Series. A circuit 
composed of three dissimilar conductors in series has 



Fig. 8—High Frequency Impedance Test onJPower 
Tbansformer B with Shield Removed 

No. 1 L, V. open 
No. 2 L. V. shorted 


characteristics similar to that of two conductors. 
It has, however, three frequencies of current reso¬ 
nance /i, fi, and /a, corresponding to three products 
Li Ci, Li Ci, and L 3 C 3 . At each of these frequencies 
the entire line voltage concentrates across the cor¬ 
responding part of the network. 

The network also has two frequencies of voltage 
resonanceand/ s (/* is between/i and/ 2 and/ 6 between 
fi and / 3 ). At /* voltages a b and b d are infinite and 
opposite in phase. At/a voltages a c and c d are infinite 
and opposite in phase. 

The very important similarity to a two-conductor 
network lies in the fact that at very low frequency the 
line voltage is distributed in direct proportion to 
inductances Li L 2 and La as if condensers were not 
present, while at very high frequency it is distributed 
in inverse proportion to capacitances Ci and C 2 and C 3 
as if inductances were not present. 

It is easy to foresee that each addition of a different 
element to the circuit will bring one new frequency of 
current resonance and one new frequency of voltage 
resonance. 


C. TRAVELING WAVES 

1. General. The effect of a traveling wave on the 
circuits considered above, is so essentially different 
from the effect of a sustained oscillation that it justifies 
special discussion. 

There must be distinguished two principal types of 
traveling waves—infinite, or the effect of which is 
equivalent to that of infinitely long waves, and finite 
waves. A traveling wave created by lightning is 
typical of a finite wave. 

For the present we will assume that the surge im¬ 


pedance -J —- of the circuit, connected to the 



Pig. 9a—Oscillation op Elastic Rod 



Fig. 9b—Oscillation op Tbansf.obmer Winding 


terminals of the network under consideration, is negli¬ 
gibly small compared with the surge impedance of the 
network. 

In such a case a traveling wave emerging from the 
external circuit undergoes practically complete reflec¬ 
tion. from the terminals of the network. Thus the 
amount of energy lost by the wave to the network, 
from the moment the front of the wave arrives at the 
terminals to the moment its tail leaves them, is neg¬ 
ligible in comparison with the total energy of the wave. 

In the case of complete reflection, the steepness of 
the front and of the tail of the voltage wave and its 
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crest value at the point of reflection (the terminals of 
the network) is twice as great as that of the traveling 
wave; while the lengths of the front, crest, and tail 
of the voltage wave are equal to the lengths of the 
corresponding parts of the traveling wave (Pig. 10). 

Under these conditions, the investigation of the 
influence of the traveling wave No. 1 of Pig. 10 on a 
network is reduced to finding the behavior of a network 
with voltage wave No. 2 maintained at its terminals. 

2. . Infinite Traveling Wave. 

a. Capacitance in Series with Inductance. Analysis 


PERCENT VOLTAGE 



Fig. 10 

No. 1 Traveling wave 

No. 2 Voltage wave produced by traveling wave No. 1 at point of 
complete reflection 

shows that in case of a circuit of Pig. 11 being subject 
to impact of an infinitely long rectangular wave of 
+ E volts, the voltage of the condenser will oscillate 

with amplitude E and frequency / =- —;- about 

2 7r V L C 

a point + E volts above zero and its maximum voltage 
will be + 2 E. 

A mechanical analogy may be of assistance here. 

It is well known that mass and elasticity correspond 
to inductance and capacitance, velocity corresponds to 
current, and force to voltage. It is further obvious 
that the mechanical system shown in Pig. 11 cor¬ 
responds to an inductance L connected in series with 
capacitance C as shown. 

Let it be assumed that E is the force necessary to 
hold mass L in position No. 2 (D inches above position 
No. 1). When a force applied to L is brought from zero 
to E in an extremely gradual manner so that the applied 
force reaches E at the same moment that L attains 
position No. 2, no oscillation will take place during the 
transient. This happens because the increase in force 
is controlled in such a way that the applied force 
exceeds the pull of the spring by an infinitesimal amount 
until the value of E is reached. 

However, should force # be applied abruptly, at the 
end of the first elementary time interval, L will move a 

distance d, the pull of the spring will be - E and 

the total force on L will be the difference. 


E-Ed/D = E (1— d/D) 

Mass L, therefore, will behave for the next time 
interval as a free body under the influence of force E 

^1 - —and will accelerate proportionately to this 

force and store a certain amount of energy in kinetic 
form. 

During the following interval, mass L will be under 

the influence of E ^1 — 2 that is of a smaller 

force, and its acceleration will diminish. With every 
following interval, the force and hence the acceleration 
will grow smaller, but the velocity will be steadily 
increasing and therefore the total storage of kinetic 
energy. 

At a certain time h, a pull of the spring will be exactly 
equal to E, and total force .acting on L will be zero. 
At this moment L will occupy position No. 2, (that is, 
final position for a case where force E is applied so 
gradually that no oscillation takes place). The ac¬ 
celeration will become, zero and the velocity will reach 
its maximum value. Under an abrupt force E, the 
kinetic energy accumulated by L during its travel from 
position No. 1 to No. 2 will force it to continue its 
motion in an upward direction. At the end of the 
elementary time interval, following t h L will ex¬ 
perience a pull of the spring greater than force 



Fig. 11—Oscillation op Inductance in Series with a 
Condenser Due to Infinite Rectangular Wave Excitation 

E, and therefore the total force acting on L will be 

That is, the force will change its direction and become 
downward, which will cause a certain retardation. 
With every time interval following, the negative force 
will steadily increase, and so will the retardation. At 
the moment U, the force acting on L will become - E, 
the retardation will reach a maximum, and the velocity 
zero. By this time, all the kinetic energy absorbed by 
L on its travel from position No. 1 to No. 2 will be 
transferred to the spring. As this transfer followed 
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exactly the same law as the absorption, only in reverse 
order, it naturally will be accomplished in the same 
time t u and the body will travel the same distance D. 

Thus L will arrive at position No. 3, a distance 2 D 
away from No. 1 after 2 h seconds. At the same 
moment, the spring being expanded to 2 D will be under 
strain +2 E, and the mass will find itself under the 
action of — E. Now — E acting on L will cause a 
downward motion of L which will be exactly the same 
function of time as the upward motion. 

Thus L will oscillate between positions No. 1 and 
No. 3 about No. 2, subjecting spring C at regular 
intervals to a stress equal to 2 E. The oscillation about 
position 2 will be sinusoidal. The frequency of oscil¬ 
lation will be/ = ——— = = = . 

2 tVLC 

In practise, oscillation is always followed by a loss of 
energy, and therefore it dies out with time and the 
system comes to rest. 

In case the force or voltage is applied an indefinitely 
long time, this new state of rest coincides with the 
one about which the oscillation took place. 

In the example it is position No. 2 . We shall refer 
in the remainder of this paper to this state of distribu¬ 
tion of force of a system as a “final” one. The state of 
distribution of force in which a system finds itself 
immediately after the application of force will be termed 
“initial.” 

We can formulate a conclusion from the above exam¬ 
ple as follows: In case a circuit is subjected to abrupt 
and steady voltage and its initial voltage distribution 
is different from the final voltage, a transient will take 
place. This transient will be oscillatory if losses in the 
circuit are relatively small. If the circuit has only one 
natural frequency the oscillation will be at that fre¬ 
quency and its amplitude equal to the difference be¬ 
tween initial and final states. 

b. Elementary Circuit. Considering again, as in 
case of sustained oscillation, an elementary circuit con¬ 
sisting of inductance in parallel with capacitance, we 
find that with a rectangular voltage wave applied no 
oscillation will take place because the initial and final 
states of voltage distribution are identical, as full voltage 
appears across condenser and inductance at the very 
beginning of the phenomenon and remains constant as 
long as the wave lasts. 

c. Two Elementary Circuits in Series. Referring to 
Fig. 6 , from a review of the behavior of this circuit 
under sustained oscillation, we conclude that at very 
high frequency the voltage will distribute between a b 
and b c as though inductance Li L 2 were absent. This 
means that the voltage will distribute inversely as the 
capacitance. As the front of a rectangular wave acts 
as a quarter of a cycle of infinite frequency, it is obvious 
that at the first instant' the voltage will distribute 
inversely as the capacitance, as shown below. 


The initial voltage across a b, E ahi = E 7 ;—— 7 p 

Oj H- O2 
Ci 

The initial voltage across b c, E he i - E - 7 —— 7 - 

Gi + O 2 

In the numerical example of Fig. 12. 

The initial voltage across ab = E ^ ^ = 0.09 E 

10 

The initial voltage across be = E ^ ^ = 0.91 E 

In reviewing a sustained oscillation, we concluded 
that at very low frequencies or direct current, the 
line voltage will divide between a b and be, as though 
capacitance were absent; that is directly proportional 
to the inductances L h L». 

As the effect of the crest of a rectangular wave of 
infinite length on the circuit is identical to that of 
direct current, it follows that the final voltage distri- 



Fig. 12—Oscillation of Two Elementary Circuits 
Connected in Series Due to Infinite RectangiuIiArJWavb 
Excitation 

bution will be directly proportional to the inductances 
as shown below: 


Eabf = E Li + I / 2 Ebct = ®L, + U 

in numerical example of Fig. 12. 

E a bf = 0.66 E Ebc/ — 0.33 E 

Thus initial state 

C% 


Eabl = E 


and final state 


Eabf = E 


Cl + C 2 


Li 

Li + Lt 


E bd — E 


Ebct = ® 


Ci 


Cl + Ci 


Li + Li 


Examination of Fig. 12 shows thatthe maximum voltage 
across C 1 is numerically equal to the final voltage of 
Ci + a voltage numerically equal to the amplitude of 
the oscillation, which is the difference between the 
final and the initial state. 

Thus 
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^ abm 


Li + Li 


Lx 

i + Li 


Cj 

Ci + Ci 


and across C 2 

Ebcm = final voltage of C 2 + voltage numerically equal 
to amplitude of the oscillation 

__ h. F , ( h _ 9l—\ E 

~ L x + Li •* + V Li + Li Cx + Ci ) & 

In the numerical example 

E ttbm = [0.66 + (0.66 - 0.09)] E = 1.23 E 
E bcm = [0.33 + (0.66 - 0.09)] E = 0.90 E 
With Li and C 2 negligible in comparison with Lx and 

Lx 

Cx the final voltage across C i = —;—j— E = E. 

"7* -LJ2 

The amplitude of oscillation 

and maximum voltage E abm = 2 E. 


The final voltage across Ci = —— 7 - E = 0. 

•G l + A /2 


hence at no frequency can either of them exceed line 
voltage. 

For the same reason at no frequency can combined 
impedance Zu become zero. Such a circuit therefore 
is incapable of voltage resonance. 

d. Three-Element Circuit. To visualize the ten¬ 
dency of transient characteristics as the complexities 
of the network increase, we will further review the 
behaviour of three dissimilar elementary circuits 
connected in series, under the influence of an infinite 
rectangular voltage wave. 

From considerations previously outlined, the initial 
and final voltages for each branch of the circuit can be 
written from mere inspection of Fig. 6 . Taking Co 
and L 0 for capacitance and inductance from a to d 
Initial voltages 

_ Co _ _ Co _ _ Co „ 

Eabt = ~7T~ E; Ebd — T, E; E c a = n E 

Ol Os Oo 

Final voltages 

E a bt — E' t Ebd = E‘, E 0 dt = Lq E 

In case some or all initial values are different from finai 


The amplitude of the oscillation is E (the same as for 
Ci) and maximum voltage E bcm = E. It is obvious that 
if on the contrary Li and C 2 are negligible in comparison 
with Li and Q 2 , then 

E a bm = E 

Ebcm —2 E 

It is evident that 2 E is the maximum possible voltage 
that may be created by an infinite rectangular wave 
across either part of the circuit. 

Elimination of Transients 
As such an oscillation creates voltage across some 
part of the circuit in excess of the final value, it may be 
harmful and therefore undesirable. 

As the cause of all transients is the difference between 
initial and final states, it follows that the elimination 
of this difference means elimination of the tr ansi ents. 
In this case it can be accomplished by making 

L\ Ci 

Lx + L 2 Cx + C 2 * 

which is equivalent to having 

Lx Ci 

Li = ~CT or Ll ’ Cl = Ci ’ 

To secure this relation it is sufficient to be able to choose 
the proper value for one of four constants. Referring 
to Fig. 15 it is seen that with such a relation of con¬ 
stants, the division of line voltage between two parts 
of the circuit is identical for the entire range of fre¬ 
quencies. The effective reactances change from induc¬ 
tive to capacitive at one and the same frequency f u 
Therefore their voltages are always in phase and 



Fig. 13—V abiation op Reactance with Frequency. Three 
Elementary Circuits Connected in Series 

values, transient phenomena will occur in the form of 
oscillations of points 6 and c. 

Fig. 13 indicates that this circuit is capable of voltage 
resonance at points 6 and c at frequencies f 2 and f\ 
respectively. 

With point b oscillating at its natural frequency f 2 , 
the voltage between b and d will be pulsating with that 
frequency, and therefore will cause the voltage between 
c and d to pulsate at the same frequency with amplitude 
depending upon the ratio of reactances of 6 c and c d. 
On the other hand, point c occupies in. the circuit a 
position similar to b and therefore is equally capable of 
oscillating at its own natural frequency f 4 ; in which 
case the voltage between a and c will pulsate at that 
frequency and so will point b. 

Thus point 6 is in a state of free oscillation at its own 
natural frequency f 2 , and of forced oscillation at fre¬ 
quency f a) similarly point c is in a state of free oscillation 
at frequency f t and of forced oscillation at frequency / 2 . 
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The amplitude of oscillation depends upon the 
difference between initial and final voltage distribution, 
and also upon the ratio of reactance between points 
a and b, d and c, c and d, at frequencies / 2 and/ 4 . 


Incase 


Cj_ 

C 2 



, point b has no 


natural frequency 


and the circuit oscillates at the natural frequency of 
Co L 

point c. In case = —jr—, the natural frequency of 


point c disappears and the circuit oscillates at the 
natural frequency of b. 

Elimination of Transients 
It is obvious that should constants be adjusted so that 



the initial and final voltage distribution will be identical, 
no oscillation will take place. Such a circuit will be 
incapable of voltage resonance. 

3. Infinitely Long Traveling Wave with Slanting Front. 



LENGTH OF WAVE FRONT IN PER CENT OF NATURAL PERIOD 

Fig. 14—Inductance in Series with Capacitance 

Voltage across capacitor as the function of the slope of the front of an 
infinite wave 


In the case of a system consisting of a spring and a 
mass, it was found that a given steady force E subjects 
the spring to a stress of either 2 E or E depending oh 
whether it is applied suddenly or gradually. 

This suggests that the maximum voltage stress 
created in a given network by a traveling wave depends 
on'the steepness of the wave front. 

The actual front of the wave may start to rise very 
slowly (say up to 10 per cent of the crest value), then 
fast (say up to 90 per cent of the crest value), and then 
slowly again. If the length of a given front T, in Fig. 
14, is measured from the very beginning of the front up 
to the very crest of it, a wrong impression may be 
gained of its effect on the circuit. It was decided 
therefore to consider as the slope of the front of the wave 
the slope of the portion of the front lying between 10 per 
cent and 90 per cent of the crest value. The effective 
length of the front becomes T 2 as shown. 


To illustrate the relation between the steepness of the 
front of the infinite wave and the maximum internal 
voltages created thereby across the capacitance part of 
the circuit, the curve of Fig. 14 was prepared for the 
case of an inductance in series with a capacitance. 

As in such a case, the rate of change of internal 
voltage depends only on the front of the wave and the 
natural frequency of the network, the length of the 
front is expressed in per cent of the natural period of 
the network. 

The lapse of time from the moment of impact of the 
wave to the moment the maximum voltage is reached 
is also given and expressed in per cent of the same 
period. 

Fig-14 shows that in case of inductance in series with 
a capacitance, there is a critical or minimum length of 
the front which does not produce oscillations or voltage 
across condenser in excess of its final value, which is the 
line voltage E. The same rule holds true for any other 
circuit. The critical length of the front depends only 
on natural frequency of the circuit and in case of the 
circuit of Fig. 14 is equal to its natural period. 

On account of the above characteristics, a given 
front may be qualified as a very steep one for a circuit 
of low natural frequency, and as a very slanting one 
for a circuit of high natural frequency. 

•4. Finite Rectangular Traveling Wave. 

a. General. When a transient phenomenon is the 
result of several causes, it may be solved by the method 
of superposition. 

By this method, the effect on the circuit of each cause 
is found under the assumption that the circuit is not 
subjected to the effect of other causes. Then to find the 
actual values of currents or voltages at a given point, 
simultaneous values produced by all the causes are 
added algebraically. This is mathematically correct 
only where circuit constants are independent of absolute 
values of current and voltage. 

A finite rectangular traveling wave of L miles in 
length (or T seconds in duration) and of E volts can 
be looked upon therefore as a result of two infinite 
rectangular waves; one of + E and the other of — E, 
traveling in the same direction with the same velocity 
as the finite, but with positive wave L miles (or T 
seconds) ahead of the negative one and with its front coin¬ 
ciding with the front of the finite wave, Fig. 16. 

The effect of such a finite wave on a circuit is identi¬ 
cal therefore, with the effects of the two infinite waves, 
determined independently and superimposed one on 
the other. 

Transients due to waves of the same magnitude but of 
opposite signs are, of course, identical in form, but 180 
deg. out of phase. 

b. Inductance in Series with Condenser. It was 
found that the voltage across a condenser, due to a 
positive rectangular wave, will change with time, as 
shown by curve No. 1 on Fig. 16, as the negative wave 
arrives at the terminal of the circuit t seconds later. 
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the condenser voltage created by it will be as shown by 
curve No. 2. 

By superimposing curves No. 1 and No. 2, we derive 
curve No. 3 as the condenser voltage wave due to a 
finite wave of L miles (or t seconds). In a similar 
way, the voltage wave across an inductance may be 
determined. 

To determine the effect of traveling waves of different 
lengths on condenser voltage, wave No. 2 should be slid 
along the abscissa to corresponding positions with 
respect to wave No. 1, and then combined with the 
latter. 

Very often in practise it is not the shape of the voltage 
across a given part of a circuit that is important, but 
rather the crest value of the transient. Inspection of 
Fig. 16 indicates that the abrupt ending of the wave 
cannot increase the voltage across the condenser 



Fig. 15—Variation of Reactance with Frequency and 
Distribution of Line Voltage Between a 6 and 6 c, where 
Lx C* 

L t ~ C t 


beyond 2 E (as wave No. 2 is always subtracted from 
No. 1). It should be remembered, that 2 E is the maxi¬ 
mum condenser voltage that can be produced by an 
infinite wave. It also shows that the crest value will 
reach 2 E unless the wave is shorter than half of the 
period of the natural frequency of the circuit, that is 
unless 

T 


or as 


T = 


1 

/ 


= 2 t rVLC 


t < TT V LC 

The curves of Fig. 17 show the relation between the 
length of a traveling wave (expressed in per cent of 
natural period) and the, value of the crest voltage pro¬ 
duced thereby across the condenser expressed in 
per cent of voltage produced by the Raveling wave 
across the terminals of the circuit. (It should be 
remembered that due to assumed complete reflection 
of the traveling wave from the terminals of the circuit, 
the voltage of the traveling wave is half of the terminal 
voltage E.) The maximum voltage across the induc¬ 


tance occurs at the monent of collision of the traveling 
wave with the circuit, and therefore is independent 
of the length of the wave. Its value equals terminal 
voltage E. 

Examination of this curve shows that the crest 
voltage produced by waves, shorter than half of the 

- 1 - 


+ E — 



Fig. 16— Inductance in Series with Capacitance 
O scillation due to finite rectangular wave 


natural period occurs after the traveling wave leaves 
the circuit terminals. Thus, after the terminal voltage 
becomes zero again, the internal voltage may be still 
rising. (See Fig. 16, part of the actual condenser wave 
between t x and < 2 .) 

^Examination of curve No. 3, Fig. 16, shows that 


_ 200 

y iso 

□ 

□ 

n 

r 

□ 

r— 

r 

□ 

□ 

r 

■ 

■ 


■ 

■ 

m 

m 

S 

r 

n 

60 

g 

z 

■ 

■ 









■ 

■ 


■ 

K 

a 

m 

■ 



oc 

£ 160 

■ 

■ 





m 

■ 

■ 

■ 

■ 



5 

m 

■ 


■ 













_ 



■ 







z 

| 140 
yy i?n 

■ 

■ 

■ 








■ 

si 


■ 




■ 

■ 

■ 

45 

Si 

lE 







m 

■ 



7 















■ 




rj 

m 

■ 

_ 

■ 

■ 













■ 

Ta 

m 

m 

■ 

■ 

■ 

■ 






5^ inn 








/ 













s i 

3s 

30 f 
25 S 

) 0 ^ 




■ 

■ 

■ 

m 



m 

■ 

■ 

■ 








g£ 100 

§§80 

a 60 

£j 

% 40 




- 


□ 

r A 



m 











■ 

■ 




Ta 


■ 

m 






■ 

■ 

■ 

■ 





■ 

■ 

m 

m 




m 

■ 




■ 


■ 








r 






■ 

■ 



■ 

H 

a 

■ 

■ 



■ 



■ 

m 










■ 

t: 

[9 

■ 

■ 





■ 





■ 

■ 










2E 40 

s 20 

■ 

■ 




m 

■ 

■ 





r 




■ 

■ 



■ 

WA 






J 













2 Q 

m. 

M 




m 

■ 

■ 

■ 











- 


■ 





















l( 

1! 

2 

3 2, 

31 

3 3 

5 M 

3 4 

m 


Fig. 17—Effect of Length of Rectangular Wave on 
Maximum Voltage across Capacitor 


abrupt ending of the finite wave does not produce any 
sudden change in this circuit as the oscillation that 
follows is still sinusoidal but the axis of oscillation 
changes from a level + E volts above zero potential to 
zero potential. Depending upon the length of the 
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wave, this may result in increase of the amplitude of 
oscillation, and it may become equal to twice line 
voltage in case the length of the wave is an odd multiple 
of § T as can be seen from Fig. 16 if wave No. 2 is 
allowed to be shifted to the right, so that its beginning 
coincides with crest of wave No. 1. 

c. Two Elementary Circuits in Series. Analyzing 
in a similar manner a network consisting of two dis¬ 
similar elementary circuits in series, we obtain the 
voltage waves shown on Fig. 18. The wave differs in 
character from the wave of Fig. 16. In the case of 
pure inductance in series with pure capacitance, it 
was found that the shape of a condenser voltage wave 
can never have a rectangular component, as it is con¬ 
trolled by the natural frequency of the circuit. In the 
case of the circuit under consideration, however, a 
voltage wave across either part of the circuit contains 
a rectangular component equal to the initial voltage 
of the respective part, which coincides with the front 
and tail of a finite wave. This occurs because of the 
presence of paths of pure capacitance from point b to 
both terminals. 

The oscillation, after the rectangular wave is re- 



Oscillation due to finite rectangular wave of t seconds 


fleeted and leaves the terminals, is similar to that of 
the previous circuit. It also takes place about the 
line of zero potential, and its maximum amplitude may 
be twice the amplitude of the preceding oscillation. 

C, 

It may be 2 E (as in previous circuits) only if —p— 

02 


and 



is so large or so small that C 1 and L 2 or Ci and 


In can be neglected, but then the circuit becomes 
identical with the preceding one. It should be remem¬ 
bered, of course, that in this circuit, capacitance must 
be very small to be neglected while inductance must 
be very large. 

d. Three Elementary Circuits in Series. A three- 
element circuit acts similarly to a two-element circuit. 
The presence of two natural frequencies produce tran¬ 
sients (following the end of the traveling wave) of 
considerable complexity. The crest voltage across 
any one part may be equal to practically double line 


voltage if the “initial’' and “final” voltage distributions 
are very different. 

5. Traveling Wave of any Shape. 

In practise, rectangular waves do not exist, and 
therefore the effect of deviation of wave shape from the 
rectangular must be considered. 

A traveling wave of any shape, as well as a terminal 
voltage wave produced by the traveling wave, can be 
assumed to consist of a certain number of short rec¬ 
tangular waves, all of the same sign as the “main" 
wave, following one another in unbroken sequence, 
with their amplitudes and lengths corresponding to 
that part of the main wave with which they coincide 
in time. (See Fig. 10.) The voltage produced by 
such a wave at any point of the circuit is obtained by 
superimposing the simultaneous values of voltages 
produced by all the elementary waves at that point. 

Part II. 

Ordinary Transformer 

A. EQUIVALENT NETWORK 

At operating frequencies, transformers act as induc¬ 
tances in series with some resistances. But, as was 
shown above, no apparatus or any part thereof can be 
free of capacitance,—therefore the capacitance must 
be present in the transformer. 

In Fig. 2, a cross-section of a transformer is shown 
schematically. 

In case of a potential difference existing between 
turns, turn insulation is under voltage stress, but any 
dielectric acts as a condenser if it is subjected to voltage 
stress; therefore insulation between two adjacent 
turns, combined with parts of conductor surfaces 
facing each other, comprises a condenser. Therefore, 
each turn has capacitance to turns on its four sides. 

As there is a continuous metallic path from any 
point of one turn to any point of the next, in case of 
potential difference existing between turns, some cur¬ 
rent will flow along the conductor and produce mag¬ 
netic flux. 

Thus adjacent turns are equivalent to parallel con¬ 
ductors with distributed constants. (Fig. 3.) If the 
phenomenon under consideration permits' the dis¬ 
tributed constants to be lumped, the turn can be repre¬ 
sented by a concentrated inductance in parallel with, 
concentrated capacitance. 

Between core and turns, located on the inside surface 
of the winding, the capacitance effect is present on 
account of the potential difference between the parts. 
The same is true of turns on the outside surface of the 
winding and the tank. . 

Instead of taking a turn as an element of an equivalent 
network, some problems permit the use of much larger 
portions of the winding for this purpose. 

Taking each separate coil (disk or pancake) as an 
element, a transformer equivalent network becomes as 
shown in Fig. 3. 

The network shown in this figure lacks negative indue- 
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tance links representing mutual inductance between 
various parts of the winding. They were omitted so 
as not to obscure the more essential members of the 
network. Therefore, actually this circuit is not equiva¬ 
lent to a transformer at all, but their behaviors under 
similar conditions, while quantitatively different, are 
sufficiently alike qualitatively to justify the use of such 
a network for getting a rough idea of the action of a 
transformer under transients. Whenever calculated 
results of a transformer’s behavior are given in this 
paper, the effect of mutual inductance is properly taken 
into account. 

B. SUSTAINED AND DAMPED OSCILLATIONS 
1. Transformer Winding. 

There is a similarity between circuit No. 3 of Fig. 6 
and C of Fig. 3, and • therefore it can be expected 
that circuit No 4 has a certain number of natural fre¬ 
quencies of current resonance, and “sandwiched” 
between them, natural frequencies of voltage resonance. 

It should be expected, therefore, that a curve of 
variation of the reactance of circuit No. 4 of Fig. 3 
with frequency should be similar to that of circuit No. 3. 

The result of a sustained high-frequency impedance 
test on a large power transformer is shown on Fig. 8. 
It substantiates the above expectation. As the resis¬ 
tance component cannot be eliminated in test, the 
impedance at voltage resonance frequencies is not zero 
but is equal to the effective resistance of the circuit 
at that frequency. 

Similar to circuit No. 3, at different voltage resonance 
frequencies infinite voltages, if resistance were absent, 
could be created between different points of the winding 
and its terminals, as well as between some of the points. 
The location of these points in the winding is different 
for different natural frequencies. 

At frequencies of current resonance, no infinite volt¬ 
ages are possible, but the entire line voltage may appear 
across a fraction of the winding, this fraction growing 
smaller the higher the frequency. 

In case the winding is uniform in its construction, the 
constants of the equivalent circuit will be uniform, and a 
definitite delation between the magnitude of succeeding 
voltage resonance frequencies can be expected. 

Examination of the test results of Fig. 8 show that, if 
the lowest voltage resonance frequency is taken as the 
first, and the next for the second, etc., the frequencies 
increase very nearly as the second power of their order. 
The lowest natural frequency is considered as the 
fundamental, the higher frequencies as its harmonies; 
therefore the frequency of a given harmonic is equal 
to the fundamental times the second power of the 
harmonic order. This law holds for harmonics of a 
lower order. The frequency of harmonics of very high 

order is / = ——-==■ where C is the capacitance of one 
u 'vL G 

end of the winding to another through the body of the 


winding as if there were no shunt capacity to ground. 
L is the inductance of the transformer and n is the order 
of the harmonic.* 

2. Mechanical Analogy. 

It is unfortunate that a mechanical analogy to even 
such a simple circuit as C is so complicated that it is 
far easier to visualize the behavior of the circuit than to 
see the analogy between the two systems. 

A simple mechanical system, used below, to illustrate 
the phenomenon of transient voltages taking place in a 
transformer, is not therefore analogous to a transformer, 
but it is hoped that apparent qualitative similarity 
justifies its use. 

The equivalent transformer circuit of uniformly 
distributed inductances and capacitances is comparable 
to a long, very elastic rod with considerable distributed 
mass. 

If one end of the horizontal rod is fixed, and the other 
is made to oscillate in a vertical direction with a fre¬ 
quency natural to the rod, the latter will bend into a 
single are, first in one direction and then in another. 
With very small amplitude of oscillation at the free end, 
the amplitude of the middle will increase with each half 
cycle, and soon will exceed many times the amplitude 
of the free end. 

As a rod, in its bent position, forms an arc, the greatest 
tension will be at the two ends. The tension will 
decrease with the approach of the middle where it will 
be zero, as the elongation of the middle portion of the 
rod is zero. 

Curve No. 1 of Fig. 9a shows the rod in its position of 
maximum deflection of an arbitrary amplitude, and 
curve No. 2 the distribution of tension along it at that 
moment. Curves Nos. 1 and 2 of Fig. 9b show respec¬ 
tively the voltage to ground of various points of the 
winding, and voltage between adjacent points along the 
winding of a power transformer. These values were 
obtained by test, under excitation of damped oscilla¬ 
tions of the fundamental natural frequency of the 
transformer. 

By doubling the frequency of oscillation (2nd har¬ 
monic) of the rod, the latter will be made to bend during 
its oscillation in S form, Curve No. 3 of Fig. 9a, and the 
tension along the rod will be as shown by Curve No. 4 
on Fig. 9a. 

Curves Nos. 3 and 4 of Fig. 9b show the voltage dis¬ 
tribution obtained by test on the same transformer 
under excitation of damped oscillations of its second 
harmonic (frequency of which is about four times the 
fundamental). 

The rod oscillating with a frequency of its third har¬ 
monic will bend in three halves of a wave, and the maxi¬ 
mum tension of individual elements will again be shifted 
to the new parts. 

A transformer winding excited with third harmonic 

♦This is in agreement with formulas given in the A. I. E. E. 
paper by L. F. Blume and A. Boyajian, referred to above; 
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(the frequency of which is approximately nine times 
fundamental) will give a curve of voltage distribution 
which also forms three halves of a wave. 

The nth harmonic therefore will “bend” the voltage 
distribution curve in nth halves of a wave, producing 
high stresses between adjacent elements, of the winding 
at each node and high voltage to ground and line ter¬ 
minals at each anti-node. 

Considering a transformer with isolated neutral, we 
may compare it with the same rod having one end oscil¬ 
lated and the other one free. It is obvious that at its 
fundamental natural frequency, it would bend into a 
half arc, into an arc and a half at its 2 nd harmonic, 
and into (2 n + 1 ) halves of an arc at its nth harmonic. 
The waves of simultaneous voltages along the winding 
of an isolated neutral transformer follow the same law. 

3. Natural Frequencies Experienced in Service. 

Examination of voltage distribution test data, for 

various frequencies of damped oscillations given in the 
paper, reveal that no part of the winding is free of volt¬ 
age concentration, as long as the natural frequency of 
oscillation of the circuit, external to the transformer, 
cannot be kept outside the range of natural frequencies 
of the transformer. 

It so happens that the natural frequency of circuits 
connected to the transformer in service range between 
the same limits as do the natural fundamental and 
harmonic frequencies of transformers. 

For instance, in case of an are-over of an insulator on a 
trans missi on line, as the frequency of oscillation of line 
depends only upon distance between the transformer 
terminal and the arc it follows: 

_ Distance between the transformer and the are In miles _ 

0.10 0.20 0.4 0.8 1.0 2.0 4.0 8.0 10.0 20.0 40.0 80.0 100.0 

_ Natural frequency of oscillation In kilocycles _ 

470 235 117.5 58.7 47.0 23.5 11.75 5.87 4.7 2.35 1.175 0.687 0.470 

The fundamental natural frequency of transformers 
range from about 1000 to 60,000 cycles, and their har¬ 
monics of practical importance reach 750,000 cycles. 

4 . The Cause of the Existence of Natural Frequency of 

Voltage Resonance in a Transformer. 

In studying the behavior of circuits Nos. 1, 2, and 3, 
we found that the voltage resonance occurs due to dis¬ 
similarity of the circuit elements. We also found that, 
if the reactances of all adjacent parts are alike at all 
frequencies, no voltage resonance can take place, and 
the voltage will distribute uniformly between all the 
elements (like a b, b c, c d of Fig. 6 ). 

Referring to network No. 4 of Fig. 3 of a uniform 
winding, we find that while inductances L, as well as 
series or internal winding capacitances C W) are all alike, 
the capacitances C„ from the surface of the winding to 
ground (the “shunt” capacitances) in spite of their 
being alike among themselves, make reactances of ele¬ 
ments ab, b c, c d differ from one another. _ 

Should capacitances C, therefore be removed, or 
their effect on the winding neutralized in some manner, 


the reactance of all the elements of network No. 4 will 
become one and the same; and as such a circuit is in¬ 
capable of voltage resonance, voltage of all frequencies 
will distribute along it uniformly. 

This conclusion is of fundamental importance. 

From the charcteristics of circuits 1, 2, and 3, it also 
follows that once the effect of shunt capacitance C is 
neutralized, the voltage resonance can be eliminated 
not only by making all corresponding constants alike, 
but also by making them satisfy the relation: 




C s 

77 -; etc.; then voltage at all 
vs 


frequencies will divide in direct proportion to induc¬ 
tances or inversely to capacitances. 

5. Effective Reactance of a Transformer. 

Similarly to circuits 1, 2, and 3, transformer effective 
reactance, as it appears to the external circuits, varies 
in magnitude and sign with frequency as curve of Fig. 8 
shows. 

The important fact is that the ranges of frequencies at 
which a power transformer acts as a capacitance in¬ 
crease with the frequency, while the inductance range 
grows narrow; therefore the sum of all capacitance 
ranges is much greater than that of inductance. 

C. TRAVELING WAVES 
1. Infinite Rectangular Traveling Wave. 

a. Initial Voltage Distribution. It was shown above 
that a transformer, similar to circuits No. 2 and No. 3 
of Fig. 6 , has two parallel paths from one terminal to 
another, one a pure inductance and the other a pure 
capacitance. This means that at very high frequency 
the current will follow the capacitance path and at low 
frequency the inductive path. 

A sufficiently steep front of a traveling wave conre- 
sponds to a quarter of a cycle of a very high frequency, 
and therefore its current will follow the capacitance path 
alone. This means that during the rise of terminal 
voltage from zero to crest of the wave no current will 
flow along the conductor, and the transformer will act 
as though every turn is disconnected from the adjacent 
one, that is, as a pure condenser. This state is called 
here the initial or electrostatic. 

Referring to Fig. 19, it is seen that under such a 
circumstance, a transformer winding represents a mass 
of dielectric surrounded with metal surfaces of core and 
tank, and with conductors distributed throughout its 
cross-section. The cross-seetion of the line turn being 
very small in comparison with its distance from tank 
and core, will cause the lines of dielectric field to crowd 
in its neighborhood in a way similar to that shown. 
The rest of the conductors “floating” in this dielectric 
field will assume potential corresponding to the equi- 
potential surface with which they coincide. This 
means that by far the greater part of line voltage will 
appear across the insulation in the neighborhood of 
line turn. 
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Instead of picturing the electrostatic field distribution 
during the impact of a steep front wave, the voltage 
concentration at the line end may be explained in the 
following manna:. 

The capacitance path of the transformer network 
contains a number of equal condensers connected in 
series and a number of condensers connected in shunt 
with different portions of the winding as shown in the 


terminal and various parts of the winding for ordinate, 
the curve of electristatic distribution will have a 
shape similar to those of Fig. 20, which were obtained 
by test on three power transformers. 

b. Voltage Distribution during Oscillation. Assume 
for the time that the traveling wave is infinitely 
long and therefore its crest acts on the transformer 
network (Fig. 3) as d-c. voltage and thus chooses the 



Fig. 19—Initial Dielectric Field in Transformer Winding 
■without Static Plate Due to Steep Wave Front 
(Equipot-ential lines In per cent of applied voltage) 

equivalent circuit of Fig. 3. This sort of a condenser 
system is similar to that of a string of suspension insu¬ 
lators, where the capacity from one hardware to the 
next corresponds to the series capacity C w between coils 
of the transformer and capacitance from hardware to 
ground corresponds to the shunt capacity of the trans¬ 
former coils C, to ground. 

The fact of voltage concentration at the line end of a 
string of insulators is well known. It is caused by the 
presence of the shunt condensers, because the current 
of the shunt condenser must flow through the series 
condenser as shown on Fig. 3. Therefore, starting at 
the ground end each succeeding series condenser C m 
carries more current than the preceding one. As all 
series condensers axe alike it is obvious that the magni¬ 
tude of their voltages will correspond to magnitudes of 
their currents. 


inductance path for its current. The permanent 
or “final” voltage distribution will depend therefore on 
the ratios of the elementary inductances of the network 
(as with circuits 2 and 3). Under the assumption of 
uniformity of the winding all elementary inductances 
are alike, and therefore the final voltage distribution 
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0 10 20 30 40 50' 60 70 80 90 100 G 
Fig. 20 Voltage Stresses Measured in Transformers 
under Test 


Transformers tested: (A), core type; (B), core type; (O) shell type. 
Non-Shielded 

Curves 1A, IB, 1C: Initial or electrostatic voltage distribution with 
traveling wave on transformers A, B, and C respectively (without entrance 
bushing). (Dots Indicate measured voltages on C with entrance bushing). 

Curves 2A and 2B: Envelope of voltages in transformers A and B pro¬ 
duced by damped oscillations. 

Curve 4A: Envelope of oscillations caused by traveling wave on trans¬ 
former A. 


The concentration of voltage will be the greater, the 
greater the shunt capacitance in comparison with series 
capacitance. 


Shielded (Non-resonating) 

Curves 3A and 3B represent envelopes of all voltages caused by damped 
oscillations from 3 to 1000 kc. as well as steep front travoling waves on 
transformers A and B, respectively. 


Tests, as well as calculations, show that in practise the 
voltage difference between adjacent turns at the line 
end, caused by the front of the wave, ranges between 
10 and 30 per cent of the crest value of the line voltage 
and between adjacent coils (disks or pancakes), at the 
line end, may exceed 60 per cent. In case only a few 
coils comprise the entire winding these values become 
particularly high. If the length of the winding is 
taken for abscissa and voltage between the line 


will be perfectly uniform and appear as the straight 
line L G, Fig. 21, while the initial distribution was as 
shown by curve 1 of Fig. 21. 

The difference in initial” and “final” states isapparent 
and will cause a transient state which will consist of a 
number of sinusoidal oscillations of various frequencies 
and amplitudes superimposed on one another. As 
long as voltages at the terminals remain constant or 
change abruptly, these frequencies and amplitudes 
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depend only on transformer constants, as it were with 
the simpler circuits. 

It was found above with simple networks, that when 
subjected to infinite wave of steep front, they oscillate 
at all their natural frequencies of voltage resonance. 
Transformers follow the same law. 

In the chapter on sustained oscillation it was pointed 
out that the transformer possesses a fundamental 
natural frequency and a number of its harmonics. At 
these frequencies, standing voltage waves are created 



Fig. 21—Maximum Voltage to Ground Due to Rectangular 
Wave. Transf. A. 

No. X initial distribution (tested) 

No. 2,3 due to waves of 1.5 and 4.6 long (calculated) 

No. 4, due to waves infinitely long (calculated) 

No. 5, due to waves 5 miles long (tested) 


along the winding composed of a number of halves of a 
wave. Their number corresponds to the harmonic 
order for transformers with grounded neutral. 

It was also shown with simple circuits that the axis of 
oscillation is the final state of a given point in the wind¬ 
ing, while its amplitude is the sum of the amplitudes of 
all natural frequencies of the circuit. 

The initial state is shown by curve No. 1 of Fig. 21. 
The final is a straight line L G. Therefore, a point of 
the winding 20 per cent from the line terminal will 
oscillate about a point of intersection of line L G with 
ordinate corresponding to the 20 per cent point. This 
part of the winding, therefore, starts to oscillate with an 
amplitude of 68 per cent of line voltage. As the oscil¬ 
lation contains various frequencies of different ampli¬ 
tudes, the rise above the point of oscillation may not be 
equal to the original amplitude, but may be somewhat 
higher or lower than that, depending upon the remote¬ 
ness of the given point of the winding from the line 
terminal as well as the high frequency characteristics 
of the transformer. 

The curves of Fig. 22 show results of calculation of 
the potential above ground of the middle point of the 
winding caused by a traveling wave. Curves 2, 3, 4, 


and 5 of Fig. 21 show the maximum voltage above 
ground attained by different points of the winding due 
to various traveling waves (Curve No. 5 is obtained by 
test with a wave approximately five miles long, all 
others are calculated). 

It may be easier to visualize the behavior of a trans¬ 
former under traveling wave excitation if it is again 
compared with the elastic rod (or here an elastic ribbon 
uniformly loaded with weights may better appeal to 
the imagination). If the ribbon were at first in a 
horizontal position with one end fixed, and the other 
end pulled upward perpendicularly to its length to a 
new position, with abruptness corresponding to duration 
of the front of the traveling wave, the ribbon would be 
bent in' a shape very similar to the initial voltage dis¬ 
tribution (Curve No. 1, Fig. 21). 

Should the point of application of force be held at 
rest at its new position (which corresponds to the crest 
of the terminal voltage wave being held constant), 
the final state of the ribbon would be a straight line 
L G (similar to the final voltage distribution along the 
winding). 

Thus the initial and final states of the ribbon are 
different, and therefore it must oscillate about its final 
state. During its oscillation different points will rise 
above their final position. 

The distances of various points during their oscilla¬ 
tion, from their original positions preceding the ap¬ 
plication of force, correspond to the voltage from 
winding to ground, while their distances to a line drawn 



Fig. 22—Effect of Tail of Wave on Oscillation at Middle 
Point of Winding of Power Transformer 


No. 1, and 2 voltage waves at transformer terminals 
1 A, and 2 A voltage to ground at the middle of winding 


from the new position of the “line” end parallel to the 
original position of the ribbon corresponds to the 
voltage between winding and line terminal. 

2. Traveling Wave with Slanting Front. 

a. Initial Voltage Distribution. From the discus¬ 
sion of initial voltage distribution due to rectangular 
front, an impression may be gained that a very steep 
front is necessary to create a purely electrostatic field 
in the winding, and therefore the concentration of 
voltage at the line end of the.winding cannot be ex- 
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perienced in practise where rectangular waves do not 
exist. 

It is clear that the higher the natural frequencies 
of the transformer are, the steeper must be the neces¬ 
sary front to produce a purely electrostatic field, since 
the transformer with higher natural frequencies re¬ 
sponds more quickly to transient voltages. 

In a given transformer, therefore, the concentration 
of voltage at the line end, due to the wave-front, is 
smaller for a longer wave-front, generally speaking. 

This can be seen by considering an extremely long 



No. 1 for one microsecond front (test) 

No. 2 for five microseconds front (calculated) 

No. 3 initial voltage stress after bushing arcs-over at the crest of five 
microseconds,ftont (calculated) 


front which causes a correspondingly slow rise of ter¬ 
minal voltage. The current flowing into the trans¬ 
former, being forced by this very slowly rising voltage, 
is of course of correspondingly low frequency and 
hence will choose the inductance path of the trans¬ 
former equivalent network producing no “electrostatic” 
or "initial” voltage distribution, and therefore no volt¬ 
age concentration. 

Here again, the analogy between the transformer and 
an elastic ribbon is obvious. Should the ribbon be 
pulled upward very slowly, it will remain straight 
during the entire transient. 

As some traveling waves, recorded in service by the 
cathode ray oscillograph, had a front of five micro¬ 
seconds, the voltage produced by such a wave-front 
was calculated for the power transformer previously 
referred to and is shown as curve No. 2, Fig. 23. For 
comparison curve No. 1 obtained by test with a wave 
of one microsecond front is also shown. It shows that 
a 5-microsecond wave-front creates extremely high 
voltage concentration on the line end; therefore the 
wave front must be very long indeed, to cause no ex¬ 
cessive voltage stress between coils and turns at the 
line end of the winding. 

b. Voltage Distribution during Oscillation. Fig. 24 
illustrates the effect of the length of the wave-front 
on voltages created by the oscillation following the 
initial state. 


Curves 1, 2, 3, and 4 show the rise of voltage above 
ground at the middle of the transformer winding caused 
by voltage waves at the transformer terminals, as 
shown by curves la, 2a, 3a, and 4a respectively. 

There is practically no difference between the maxi- 
mums of curves 1 and 4, in spite of the great difference 
between the exciting waves la and 4a. It should be 
noted that 4a wave has a front of 30 microseconds. 

8. Finite Traveling Wave. 

The effect of a finite traveling wave on a transformer 
is again analogous to its effect on the ribbon. 

Let it be assumed that the ribbon was suddenly 
pulled from its original position No. 1 to its new position 
No. 2, as before, but instead of holding the “line” end 
in position No. 2 indefinitely, after a certain lapse of 
time t it was suddenly pulled back. This would cor¬ 
respond to the application of a finite rectangular wave 
of t seconds long. 

Let t be the moment when the entire ribbon is moving 
in an upward direction, the downward pull will bring 
the "line” end to the original position immediately, but 
some other points of the ribbon, remote from the line 
end, will still be moving in an upward direction, on 
account of their inertia, until the downward pull will 
be transmitted to them along the ribbon. The velocity 
of the propagation of this downward pull along this 
ribbon depends upon the mass and elasticity of the 



(microseconds) 


Fig. 24—Effect of Slanted Front on Oscillation of 
Middle of Winding of Transformer B 


1 A. 2 A, 3 A, and 4 A—voltage at transformer terminals 
1, 2, 3, and .4—voltage at the middle of winding 


ribbon, and is smaller the greater either of these 
constants. 

It is clear that if t (the length of the wave) is longer 
than the time ti that is necessary for a given point of 
the ribbon to reach its highest position, then it will 
reach it; but if it is shorter than t u then it may or may 
not reach it, depending on the remoteness of the point 
from the. line end and the ratio of U/t. 

As the downward pull was assumed to be very sudden, 
the method of super-position suggests looking at it as 
an application of an infinite negative wave of steep 
front at moment t. Such a wave will cause its own 
initial voltage distribution, which being negative must 
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be subtracted from the potential that the respective 
points possessed just before t. This reveals that a 
traveling wave with steep tail, such as may be created 
by the arc-over of a bushing or a string of insulators, may 
set up “initial” stresses near the line end of the winding 
identical to those produced by the steep front, and even 
greater if the end of the wave should coincide in time 
with high potential to ground of the part of the winding 
near line end. 

Curve No. 3 of Fig. 23 shows voltage distribution 
along transformer winding at the moment of arc-over 
of the transformer bushing. The arc-over is assumed 
to occur at the crest of five microseconds front. 

Fig. 22 shows the change of voltage with time at the 
middle point of the winding of the same transformer and 
how it is affected by the shape of the tail of the wave. 
It shows that while the maximum voltage produced by a 
rectangular wave and a wave of the same crest, but 
with long tail, may be practically the same, the long 
tail delays the fall of the voltage to ground potential. 
These curves also show that internal voltage may be 
rising for a very long time after the potential across 
the transformer becomes zero. For instance, with a 
rectangular wave 22 microseconds long, at the time 
the transformer terminal voltage becomes zero, the 
voltage to ground of the middle point of the winding is 
25 per cent of the crest of the wave and is steadily 
rising for the next 15 microseconds, until it reaches 98 
per cent of the crest. 

Part III 

Transient Voltages in Practise 

The data on voltage transients experienced in service 
accumulated by various investigators can be sum¬ 
marized as follows: 

1. Lightning 

Taking the crest value of normal operating voltage 
from line to neutral as reference voltage E, the order of 
magnitude of transient voltages was found to be: 
Lightning traveling waVes: 

Rarely.15 E 

Often.10 E 

Minimum steepness of the front, actually recorded by 
oscillograph five microseconds; estimated from Lichten- 
berg figures from 1 to more than 100 microseconds. 
The tail of the waves, recorded by oscillograph, exceeds 
40 microseconds. 

2. Oscillation 

By switching, and other sudden changes of the net¬ 
work, moderately and highly damped oscillations are 
produced. They rarely reach 8 E, quite often 5 E, 
and very often 3 E. 

S. Damping 

The damping increases with magnitude of transient 
voltages, evidently due to corona loss. 

4 . Upper Limit of Transient Voltages 

Laboratory experiments, completely substantiated 


by service records, show that on most of the existing 
transmission systems transient voltages reach values 
beyond the dielectric strength of the line insulation. 
Except near the center of long spans, therefore, the 
dielectric strength of the line insulation becomes a 
practical limit to the magnitude of transient voltages 
possible on the line. The effect of ground resistance 
of towers or poles, and of time lag in the discharge of 
lines to ground, must be taken into account and may 
raise the voltage limit. 

5. Conclusions 

In view of the behavior of transformers under tran¬ 
sient voltage excitation, and the high magnitude of these 
voltages, the construction and the distribution of the 
insulation throughout the transformer winding is dic¬ 
tated not by stresses set up in the transformer, under 
the standard A. I. E. E. potential test, of low frequency, 
but by the law of distribution of voltages in the winding 
caused by various transients actually observed in service. 

The following table shows the order of magnitude of 
voltage stresses produced between different elements of 
a transformer winding having one end permanently 
grounded. Column I gives stresses produced by the 
standard “Induced Voltage Test.” Column II gives the 
dielectric strength necessary to withstand service 
transients produced in a uniform winding. 

In the numerical example, Column III, the minimum 
values (in kv.) are given for a typical transformer to be 
operated on a 220-kv. system. 

As a voltage of the same magnitude, but of a different 
order of frequency, has a materially different effect on a. 
dielectric, all stresses and strength are expressed in 
values of equivalent 60-cycle one-minute test. 

The voltages in Columns I and II are given in terms 
of effective value E, which is the normal operating line 
to neutral voltage of the transformer. 



I 

II 

III 

High-voltage line end to 
low voltage and ground 

3.46 E 

3.46 JS 

440 Kv 

Any other point between 
line and ground end p % 
away from ground end 

pE 

3.46 E 

Unless p is less than 
10%. Some reduction 


Turn ins. of line coil. . 

100 to 600 V. 

is permissible for p 
less than 10%. 

0.63 E 

80 

Turn ins. near line coil 

100 to 600 V 

Gradually reduced from 


Turn ins. in the main 
part of the winding.. 

100 to 600 V. 

0.63 E to 0.20 E 

0.20 E 

25 

at ground end. 

100 to 600 V. 

0.35 E 

44 

Coil to coil at line end. . 

0.04 E 

1.3 E 

165 

Coil to coil near line end 

0.04 E 

Gradually reduced from 


Coil to coil in the main 
part of the winding. 

0.04 E 

1.3 E to 0.65 E 

0.65 E 

82 

near ground end. , . 

0.04 E 

0.88 E 

110 


The difference between values of the first and the 
second columns is responsible for the difference in cost 
and volume of 20,000-kv-a. 220-kv. transformers 
referred to in the Introduction. 
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Part IY 

Protection Against Transient Voltages 
1. Non-Resonating Transformers. 

a. Theory. It was shown above that the cause of 
non-uniform voltage distribution along transformer 
windings was due to the presence of shunt capacitance 
(C a in network 3 of Fig. 3), because due to this shunt 
capacitance, damped (or sustained) oscillations of a 
series of frequencies, applied to the terminals of such 
a network, cause different parts of it to get in voltage 
resonance and produce over-voltages shown by the 
curves (2 A, 2 B of Fig. 20). 

If the shunt capacitance were to be removed, the 
circuit would consist of a chain of identical elements 
(L C w ). As was shown, such a circuit has no series 
natural frequency. It will distribute the voltage of all 
frequencies uniformly. 

In the case of traveling waves, the same shunt capaci¬ 
tances were found to be responsible for internal over¬ 
voltages, as the “initial” and “final” voltage distribu¬ 
tions were different because the charging current of all 
shunt capacitances was supplied through the series 
capacitances, causing concentration of voltage at the 
line end at the time of impact of the wave. 

With shunt capacitances removed, there would be no 
shunt current to be supplied by any series capacitances, 
and as they are all alike the initial voltage would be 
uniform. The final voltage distribution also will be 
uniform, as all elementary inductances are alike, and 
therefore there will be no transient. 

Thus with shunt capacitances removed, the voltage 
will be distributed between all elements uniformly, 
no matter what the shape of the terminal voltage 
wave is, whether it is ocillatory or unidirectional, of 
infinite frequency or direct current. But the removal 
of shunt capacitances is physically impossible. There 
must always be ground potential surfaces and surfaces 
of the winding facing them. If the entire winding 
should be screened from the ground by metal sheets 
interposed between the winding and the grounded 
surfaces, it would do no good as long as the potential 
of the screens is not fixed, and if they are connected 
to any part of the winding, including the line end, they 
would create a new system of shunt capacitance and 
the matter would be worse than before. 

Fortunately, as J. M. Weed 2 pointed out in his 
A. I. E. E. paper on Prevention of Transient Voltage 
in Windings in 1922, the removal of shunt capacitances 
is not necessary; what is necessary, is the neutralization 
of their effect on series capacitances. The neutraliza¬ 
tion of their effect on series capacitances simply means 
prevention of the flow of their charging current through 
the latter. 

Referring to A of Fig. 25 on the left side of the trans¬ 
former equivalent network a new system of shunt 
condensers C, is shown. This system, however, is not 
connected to ground as C, are, but to the line terminal. 


It is obvious that values of each capacitance (C P ) 
can be selected so that, with all inductances open 
circuited, and with the voltage uniformly distributed 
throughout the winding, the current through respective 
C P to a given element will be exactly equal to the cur¬ 
rent through the shunt capacitance Cs of that element 
to ground. In such a case the current through all series 
capacitances will be equal and the voltage across them 
alike. This would hold true, of course, at all 
frequencies. 

If all inductances now are connected as before, and 
the circuit subjected to impact of a rectangular traveling 
wave, the voltage distribution, as was shown, will be 
purely electrostatic. 

As the protecting condensers are so proportioned that 
the voltage divides equally between the series capaci¬ 
tances, the initial voltage would be a straight line (as 
shown by JL G of Fig. 21), the final distribution is also 



Fig. 25 —Equivalent Network op Non-Resonating 
Transformer 

a straight line (as all L’s are alike),—therefore there 
can be no transient. 

As there is no exchange of current at any frequency 
between the two circuits at the point of the contacts 
a, h, c, d, e, we have a perfect right to think of them 
as two independent circuits connected in parallel—one 
consisting of all the shunt capacitances, and the other 
of series capacitances and inductances. (B of Fig. 25.) 

The first circuit is a pure capacitance and therefore 
cannot have any voltage resonance frequency. The 
second circuit, consisting of like links C w L, also can 
have no voltage resonance frequency. Therefore there 
can be no voltage resonance frequency for the two 
circuits connected in parallel. That is, the reactance- 
frequency curve of this circuit cannot cross zero line 
at any. frequency, and must be similar to curve of 
elementary circuit No. 1 of Fig. 6 (see Z of Fig. 4). 

b. Test Data. On Fig. 26 impedance versus fre¬ 
quency curves are given. They were obtained by test 
with sustained oscillation on a large power transformer 
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which was mexmoned before. Compare this with Fig. 8 
obtained on the same transformer before the effect 
of its C w ’s was neutralized by means of C„’s. 

Extensive tests were made on some power trans¬ 
formers With damped oscillations of frequency ranging 
from 3 to 1000 kilocycles, as well as with impulse waves 
of various shapes. ^ 

The results as summarized on Fig. 20, curves 2A and 



Fig. 26 —Impedance-Frequency Curve. Results op Test 
on Non-Resonating Power Transformer B. 1, L. V. Open. 
2, L. V. Shorted 

2 B show the maximum voltage to ground produced by 
damped oscillation of various frequencies on trans¬ 
formers A and B respectively before they were equipped 
with shields, and curves 3A and SB after they were so 
equipped. 

Curves 1A and 1 B show the initial voltage distribu- 



Fig. 27—Dielectric Field Dub to Steep Wave Front 
in Transformer Winding Equipped with Static Plate 
(Calculated) 

tion of the same transformers at steep wave-front. 
Initial voltage distribution, after they were equipped 
with shields, is shown by the same curves 3A and SB. 
Curve 4A shows the maximum voltage to ground due 
to a traveling wave obtained on transformer A before 
it was shielded, which became curve 3A after it was 
shielded. 


The difference in stress, as shown by these curves, 
in the new and the conventional type of transformer, 
is so great that it seems unnecessary to make any 
additional comments in its regard. 

If the behavior of an ordinary type of transformer 
can be likened to that of a very flexible rod, or even a 
ribbon, the behavior of the “non-resonating” transformer 
is analogous to that of a perfectly rigid rod, which with 
one end fixed and the other oscillating does not bend at 
all, no matter what character of oscillation is applied. 

In practise, system of condenser C v is simply a 
smooth metal surface or a small number of such surfaces 
properly spaced and insulated from ground and the 
windings, and connected to the line terminal of the 
protected winding. These surfaces are called “shields.” 

They are located on the outside of the high-voltage 
windings, so as not to interfere with its usual con¬ 
struction. Fig. 29 shows a power transformer of the 
non-resonating type. The non-resonating type so far 



Fig. 28—Effect of Capacitor in Shunt with Transformer 
on Maximum Voltage of Traveling Waves of Different 
Lengths (Capacitances are Given in Microfarads) 


has been adopted for more than half a million kv-a. 
of transformers. 

2. Static Plate. 

A device, known as the static plate, which has been 
in use for many years, has a shape usually similar to 
a coil of the winding that it protects. It is a con¬ 
tinuous conducting surface with smooth edges placed 
adjacent to the line coil of the winding and connected 
to the line. It is insulated with varnish cambric cloth 
wrapped around it. 

The object of this plate is to reduce the concentration 
of the initial voltage due to steep wave-front on the 
line end of the winding. It does this by virtue of its 
relatively large surface, as contrasted with that of one 
turn, thus changing the electrostatic field set up by 
the front of the wave from the one shown on Fig. 19 
to that shown on Fig. 27. 

From examination of Figs. 19 and 27 it will be clearly 
seen that the voltage concentration at the line end, as 
well as the beneficial effect of the static plate, depends 
entirely upon the geometric proportions of the winding. 

It is clear that while the static plate reduces stresses 
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materially near the line end, it cannot prevent oscil¬ 
lations and voltage resonances of the winding. 

3. Effect oj the Transformer Bushing. 

It has sometimes been stated that the capacitance 
of the transformer entrance bushing has an appreciable 
effect in slanting the wave-front and decreasing the 
voltage concentration within the winding. 

The capacitance of the bushing is in shunt with the 
transformer, and is of the order of 0.0002 microfarads, 
which corresponds to the capacity of 0.15 of a mile of 
transmission line. This value is so negligibly small 
that it can have no effect on the transformer behaviour. 

Curve No. 1C of Fig. 20 was obtained by tests on a 
power transformer which, in this case, happened to be 
of the shell type without any bushing. It was sub- 



Fio. 29— Non-Resonating 20,000-Kv-a. 132,000-Voi.t 
Transformer 

jected to the impact of a traveling wave transmitted 
to it over a circuit having a surge impedance of 500 
ohms. The tests were then repeated with the bu shin g 
in place and connected, and the points marked by dots 
were obtained. These tests show that the bushing 
had no effect on the voltage distribution. It did not 
slant the wave-front sufficiently to cause any reduction 
in initial voltage distribution. 

A condenser used for protection of a transformer 
against transient voltages, must be so large that it 
slants the wave-front to an amount sufficient to reduce 
the initial voltage concentration appreciably, which, 
as has previously been shown, requires a wave-front 
greater than some 40-50 microseconds, and it must 
absorb the entire energy of the wave without requiring 
a voltage in excess of the breakdown of the apparatus. 

Fig. 28 gives the relation between the size of the 


condenser and the maximum voltage that waves of 
various lengths will produce across it. The curves 
were obtained with surge impedance of transmission 
line assumed to be 500. 

Higher voltages will be obtained with smaller surge 
impedance. 
h. Inductance Coil. 

a: Choke Coil. In the light of the relation of 
various circuits discussed in the paper, it appears that 
a choke coil alone, in series with a transformer, may do 
more damage than good. 

The choke coil, while its reactance also varies with 
frequency on account of its small capacitance, acts as 
an inductance up to relatively very high frequencies 
(several hundred kilocycles). 

Consider a transformer, having a high-frequency 
reactance similar to the one shown in Fig. 8, con¬ 
nected to a transmission line through a choke coil. 

At a frequency of 45,000 cycles, the transformer acts 
as a condenser, while the choke coil still acts as an 
inductance. Should the line arc to ground about a 
mile (0.96 of a mile) away from the transformer, the 
line will oscillate at 45,000 cycles (see table above), 
and the voltage across the transformer will rise above 
the high-frequency voltage applied across the trans¬ 
former and the choke coil. Should 45,000 cycles happen 
to be the natural frequency of capacitance of the trans¬ 
former and of the inductance of the choke coil combined, 
the voltage across transformer may become many times 
the line voltage. And if this frequency, in addition, 
is near one of the natural frequencies of the transformer 
(in the. case of transformer of Fig. 8, 47,000 cycles is 
its second harmonic), very high internal voltage may 
be created with the amplitude of the line disturbance of 
comparatively small magnitude. 

The danger of resonance is often underestimated due 
to a faulty impression that for the creation of over¬ 
voltages of dangerous magnitude the frequency of 
applied voltage must be exactly equal to the natural 
frequency of the circuit under consideration. 

Examination of reactance versus frequency curves of 
transformers and other circuits given in this paper shows 
that in many cases the reactance curve approaches and 
leaves the zero line very gradually, which means that a 
correspondingly wide band of frequencies produce a 
very substantial rise of internal voltage. In our 
example the choke coil still would cause a substantial 
increase of transformer transient voltage over line 
transient voltage, with variation of the distance be¬ 
tween the transformer and the point of line fault, or 
variation of the natural frequency of choke coil plus 
transformer of some 40 per cent. 

In case a traveling wave strikes a choke coil, in series 
with a grounded transformer, initially a considerable 
part of its voltage will appear across the choke coil, 
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while finally practically the entire voltage will appear 
across the transformer. Therefore, an oscillation will 
take place. 

As the natural frequency of the point of the contact 
of the choke coil and the transformer is generally very 
high, it dieans that transformer voltage will rise above 
the line voltage unless the traveling wave is very short 
(see Fig. 17). For instance, with the natural frequency 
being 45,000 cycles, the traveling wave must be shorter 
than four microseconds (or 4000 ft.). Most of the 
waves, recorded in service, were found to be consider¬ 
ably longer. 

b. Current Transformer . A current transformer acts 
very much like a choke coil on account of its inductance, 
and therefore should always be bridged on the line side 
with a “by-pass” in the form of a gap with resistance 
in series or by other suitable arrangement. 

c. Current Limiting Reactor. The current limiting 
reactor, being similar to a choke coil, also may cause 
rise of .transient voltage across the transformer terminals. 
Very interesting tests, substantiating the above, were 
described by F. W. Peek 4 in an A. I. E. E. paper on 
Effect of Transient Voltages on Dielectrics—III in 
June 1923. 

It was recommended there to shunt reactors with 
some voltage limiting device, as for instance carborun¬ 
dum resistors. 


For simplification of the discussion, the effect of the 
surge impedance of a transmission line, resistance, and 
dielectric loss of a transformer on transient phenomena 
within the transformer, was neglected in this paper. 
As the surge impedance of transmission lines is measured 
in hundreds of ohms, and that of transformers in thou¬ 
sands of ohms, neglecting the former does not affect the 
phenomena within limits of practical interest. The 
theoretical, as well as experimental data so far in 
possession of the writer, indicate that very little help 
in reducing the transient voltage stress can be obtained 
from the damping characteristics of the transformers. 
This is particularly true for transformers of large sizes. 
On account of the limitation of space, the damping 
effect of losses could not be discussed in this paper at 
length. 

I wish to acknowledge here that in the preparation 
of this paper the interest and assistance of Mr. F. F. 
Brand proved to b6 invaluable. 

The valuable assistance of Mr. J. H. Hagenguth in 
the preparation of data is also recognized. 


Discussion 

J. F. Peters* This paper is a very interesting review of the 
subject of voltage distribution within transformers. When it 
comes to applying the fundamentals to an actual transformer it 
is necessary either to use a rather rough approximation or to 
introduce other conditions that may be a serious hazard. The 
windings of all high-voltage power transformers consist of a 
stack or stacks of pancake coils in some form or other. These 


coils are connected in series either as indicated by Fig. 1 or by 
Fig. 2 herewith. If connected according to Fig. 1 it is obvious 
that Mr. Palueff’s Fig. 3 does not give a correct representation of 
the capacitance from windings to core and tank, and a shielding 
on the outside of the coils cannot offset the capacitance to core. 
If the coils are connected according to Fig. 2, his representation 
in Fig. 3 is correct, but it is then necessary to carry the series 
connections through the oil ducts between coils where the space 
is necessarily limited and therefore produce somewhat of a 
hazard. 


7^V/r 



Fig. 1 


In any structure that has a number of electrostatic capac¬ 
itances connected in series with parallel capacitances connected 
in at various points along the structure, the voltage distribution 
will not be uniform throughout the structure. This principle 
has been recognized and applied to line insulators. The principle 
applies equally well to stacks of coils. The distribution of 
voltage along a string of insulators is a function of its dimensional 
ratio, length to diameter. Long strings have poor distribution. 
The same conditions exist in transformer windings. Where the 
stack is long and narrow the initial voltage distribution is 
relatively poor while where wide coils are used, thus giving a 
short wide stack of coils, the distribution is relatively good 
without the addition of shields. Where the initial distribution 
is relatively good the amplitude of oscillation between initial 
distribution and final distribution is relatively small. 

Since transformers of different construction differ tremen¬ 
dously in physical proportions one may find it highly desirable to 
provide shields to improve the distribution in some transformers 
where in other transformers it may be quite inadvisable to 
provide shields. 



Fig. 2 

F. F. Brands I think everyone will admit that the trans¬ 
former is in general a highly reliable device, but a small percent¬ 
age of failures still takes place. With the growth of high-voltage 
networks, and the increasing power concentration in extra high- 
voltage systems, a reliability practically equivalent to that 
for metropolitan service is now required in even the highest- 
voltage systems so that transformers of even greater reliability 
are now necessary. 

It is probably safe to say that the majority of transformer 
failures are caused by the transformer being subjected to tran¬ 
sient over-voltages.. 
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The author in his paper has given a fairly complete analysis 
of what happens in the ordinary transformer winding when it is 
subjected to transient over-voltages such as are caused by light¬ 
ning or switching surges. 

A practical transformer designer realizes that voltage failures 
are caused by oscillations within the transformer winding. 
These cause high local voltages to appear, by the concentration of 
voltage on the end turns when lightning strikes the transformer. 
In a few rare cases actual breakdown of the insulation to ground 
occurs on the end of the winding caused by excessive voltage 
applied to the transformer or breakdown to ground in the main 
body of the winding caused by the oscillation building up a high 
voltage to ground. 

The difficulty with which the transformer designer is confronted 
in the ordinary transformer is to know the value and position 
of the local voltages within the transformer winding, because 
these depend on two things, first,, the constants of the trans¬ 
former itself, and secondly, the frequencies as well as the voltage 
of the transient at which the transformer is subjected. Over 
these latter, the designer has no control. Any means, therefore, 
which would prevent oscillations from building up within the 
transformer winding at once eliminates uncertainty as to the 
amount and distribution of insulation throughout the winding 
which is necessary to withstand service conditions. All that is 
necessary is to know the maximum voltage and to some extent 
the time during which the transformer will be subjected to this 
voltage. 

The object of the paper is not only to describe and analyze 
the voltage distribution throughout the transformer winding 
under widely varied conditions of wave form and frequency of 
transients, but to describe, a new type of transformer winding 
which is non-oscillating. It is perhaps to be regretted that the 
author did not explain the design of this new and much im¬ 
proved type of transformer more fully. 

Any practical design of transformer which can reduce local 
stresses within the winding in the order of 10-to-l to 100-to-l, 
is a tremendous step forward in the design of such apparatus, and 
must result in greatly improved reliability. At once, it places 
the operation of the transformer under transient conditions 
beyond the realm of conjecture and makes the customary factory 
low-frequency test areal measure of the ability of the transformer 
to withstand lightning and other transients. 

There is a relation between the 60-cycle strength of insulation 
and its strength under very short-time transients, but it is some¬ 
what dangerous to consider this ratio as applied to completed 
apparatus since the voltage distribution throughout the winding 
of such apparatus under transient conditions may diff er widely 
from that under low-frequency conditions, and the stress which 
various parts of the apparatus winding may be subjected to under 
transients will bear no definite relation to the stresses under low- 
frequency operation. 

For a transformer operating with a neutral grounded, it has 
been customary in some cases to use graded insulation. It is 
obviously dangerous to grade the insulation appreciably towards 
the neutral if the design of the transformer permits oscillations 
to occur, which might raise the voltage to ground or to the low- 
voltage winding, at some intermediate point in the winding, 
very much above the proportion of the terminal voltage stress 
which the intermediate point has been designed to stand. Cer¬ 
tainly if the voltage at intermediate points of the winding can 
rise higher than the terminal voltage, graded insulation in the 
ordinary transformer is unsafe if the transformer is to be sub¬ 
jected to high transient overvoltages such as are common on 
overhead lines. 

Graded insulation has been successfully used in testing trans¬ 
formers, but in these the surges which are set up are initiated at 
the voltage at which the testing transformer is operated, and 
probably do not give voltages much above the normal rating of 
the transformer. 


With power transformers, however, subject to lightning, the 
transient overvoltages may be many times normal voltage to 
ground that the transformer is designed to withstand at low 
frequency. It is true that the time lag of the insulation in 
resisting short-time transient voltage- comes into play. This 
may be sufficient to prevent failure of a transformer having 
uniform insulation to ground through the winding unless the 
terminal voltage is really excessive. It may not bo sufficient to 
cause failure if the insulation is graded. 

The ability to produce a transformer which has a straight-line 
voltage distribution from line terminal to ground no matter 
what transient it is subjected to, thus places graded insulation 
in a class of apparatus which can be safely used, since the value 
of the stress to ground at any point in the winding is the same 
proportion of terminal voltage during factory test and during 
service. 

That the means of rendering the transformer non-oscillating 
can be applied to a standard type of winding which has proved 
highly reliable in service is indeed fortunate, since it eliminates 
the possibility of the new type of transformer being considered 
experimental. As a matter of fact, the shielded arrangement 
can be added to a standard disk-coil transformer without any 
change in the winding at all. 



With the new-type transformer, it is only necessary to set up 
some protective means to limit the value of the voltage applied 
so that the insulation of the terminal and of the winding to 
ground is safe under these conditions. Other than this, lightning 
or switching surges have no effect on the transformer. 

Philip Sporn: In connection with the practical results of the 
problems discussed by Mr. Palueff, it may be of interest to see 
just how some transformers designed in accordance with the 
principles brought out in the paper appear. 

Fig. 3 herewith shows the outlines of two transformers in¬ 
stalled in the same station having exactly the same rating and 
being used for exactly the same purpose. The one on the left 
shows a transformer rated at 21,000 kv-a. single-phase, of the 
shielded design. The one on the right shows a transformer of the 
same rating non-shielded. The first is designed for grounded- 
neutral operation, and the second for either grounded or isolated 
operation. It is interesting to know, however, that the induced 
voltage tests on the first transformer were 3.46 normal, and on the 
second, only twice normal. Based on that, the estimated impulse 
strength of the two transformers is the same, but both the 
designers of the transformers and we with them believe that 
actually the shielded transformer will stand a considerably 
higher impulse than the non-shielded transformer. Fig. 3 
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shows the great difference in size between the two units. These 
transformers have been installed at the Philo plant of the Ohio 
Power Company. 

In a paper which I presented before the Institute last year on 
the question of rationalization of transmission system insulation 
strength, I pointed out what Mr. Palueff has brought out forcibly 
in his conclusions, that the present standards of the Institute are 
not being followed by the manufacturers in the construction of 
apparatus involving high voltages, particularly in specifications 
with regard to high-voltage insulation, and that before a definite 
and rational solution of the problem can be obtained, it is es¬ 
sential that the 60-cycle strength and test be divorced from and 
made independent of, the impulse strength and test. 

The investigations and work carried out by Mr. Palueff 
make such a step much more practicable and feasible than seemed 
possible at that time. 

F. W. Peek, Jr.: Mr. Palueff’s paper presents the results of 
a transformer research that has been carried on for a number of 
years. During this'research it was discovered that lightning 
impulses or transients applied to the terminals of a transformer 
may cause very high voltages at any point in the winding. 
For example, the full lightning voltage applied to the transformer 
terminals may appear across a very small portion of the winding 
on the ground end of the transformer. This, during the early 
work, seemed remarkable because the transformer was generally 
thought of as a very high inductance and high inductance was 
supposed to prevent the penetration of high-frequency or steep 
waves. As a matter of fact the transformer does consist of a 
high inductance and the current flowing through this inductance 
causes even distribution of voltage along the winding for operat¬ 
ing frequencies and for very low-frequency transients. 

However, there is also in combination with this inductance, 
capacitance. This capacitance plays a negligible part in the 
distribution of voltage at low frequency. At high frequency, 
however, the capacitance becomes the controlling factor in 
voltage distribution. In all conventional transformers, of either 
shell-type or core-type design, the arrangement of the capacitance 
is such as to cause a very uneven distribution of voltage,— 
generally a very high concentration of voltage on the line end. 
This uneven capacitance distribution is caused principally by 
the capacitance of the windings to the grounded core and tank. 

It follows that when a steep impulse is applied the inductance 
at the first instant acts exactly as an open circuit. The capaci¬ 
tance is the controlling factor and causes the voltage to pile up 
on the line end. Eventually as time goes on this uneven distri¬ 
bution of voltage must even up and reach the steady-state 
condition as determined by the inductance. However, the 
transition from the initial distribution to the steady-state 
distribution cannot occur instantly but must do so through an 
oscillation. A few microseconds after the impulse is applied 
the voltage swings past the steady-state line and reaches a 
maximum above the line in excess of the distance it was below 
the line at the first instant. This causes a very high voltage 
concentration in some other part of the winding which makes the 
insulation problem extremely different in the conventional 
transformer. 

An entirely new transformer, a non-resonating transformer, has 
solved this problem. The prevention of these transient localized 
stresses has been accomplished in a remarkably simple manner. 
The electrostatic voltage distribution has been made to corre¬ 
spond to the inductance voltage distribution. When an impulse 
is applied it instantly takes the steady-state distribution be¬ 
cause it instantly takes the capacitance distribution and this 
corresponds to the inductance or steady-state distribution. 
Therefore there can be no oscillation but each section of the 
winding takes its share of the applied transients. The voltage 
distribution is the same for all frequencies, all transients, and all 
impulses and corresponds to the 60-cycle distribution. To 
accomplish this it has not been found necessary to go to a freak 


design. In fact, all the features of the well tried standard designs 
have been retained. 

It may well be asked if these extremely high and dangerous 
voltage concentrations can be caused by transients that are likely 
to occur in practise. The very beautiful oscillograms that Mr. 
Palueff has secured on large power transformers connected to 
transmission lines answer this quite decidedly. These Dufour 
cathode ray oscillograms show dangerous voltage distributions 
not only for lightning impulses of very steep wave front but also 
for lightning voltages of slanting front and extremely long dura¬ 
tion: They also show that the shield reduces local stresses in 
many cases as much as 100 to 1. 

One very important point in favor of the non-resonating trans¬ 
former is that the 60-cycle test is a true measure of the insulation 
value of the transformer under the lightning conditions incidental 
to operation. This follows only in this type of transformer 
because the lightning distribution and the 60-cycle distribution 
correspond. This, of course, is not the case in the conventional 
transformer. 

Mr. Palueff’s paper and cathode ray oscillograms show that a 
high series inductance coil is more likely to be a hazard than a 
help during lightning disturbances unless the inductance is 
shunted by the proper value of resistance. This information, 
which is of great importance to operating engineers, while not 
new, is very definitely confirmed by the oscillograms. 

V. M. Montsinder: I wish to discuss this paper from a some¬ 
what broader standpoint than that of the distribution of voltage 
within a transformer when subjected to lightning. This phase 
of the question is covered very well in the paper itself. I will 
discuss the various steps in our recent progress towards the 
mastery of lightning as relating to protection against it under 
service conditions and at the same time point out how the non¬ 
resonating transformer fits into the trend of the times and helps to 
complete the picture. 

Our somewhat more than psual progress made within the past 
two or thr ee years can be attributed to the attack on - three 
problems, namely, (1) the study of lightning voltages in the 
field by means of the surge-voltage recorder and the cathode ray 
oscillograph; (2) the proper correlation of transformer insulation 
with the factors that govern or limit the lightning voltage re¬ 
ceived by the transformer under service conditions; and (3) 
the building of a practical transformer that eliminates unpre¬ 
dictable and dangerous internal high-frequency voltages. 

It is not necessary to comment on the progress made in the first 
problem as the status of this work is well known to Institute 
members through the series of recent papers. 

As to the second problem, let us go back a few years and see 
what our practise has been with reference to the design and ap¬ 
plication of transformers from the standpoint of lightning. 

Previous to 1925 the A. I. E. E. Rules’ only requirement of the 
amount of insulation to be used in a transformer was that it 
withstand one-minute 60-eycle test of twice the rated circuit 
voltage plus 1000 volts. This was supposed to be entirely 
satisfactory under service conditions and I will add it was gener¬ 
ally satisfactory for the line insulation used up to this time. A 
few operating companies used lightning arresters, but certainly 
not all. 

The above refers, of course, to transformers used on isolated 
or ungrounded systems. When it became the general practise 
of large operating companies to ground solidly the neutral of 
the system, the demand grew that transformers operating on this 
kind of a system need not be insulated for twice the rated circuit 
voltage but for something less. At this stage there was serious 
argument as to whether the transformer should be tested for 
twice line to neutral voltage or some voltage between this value 
and twice line-to-line voltage. This argument must have been 
based on the premises that there was no danger from lightning 
voltage but that twice normal operating voltage was the sole 
criterion. It was finally agreed to take a value half way between 
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twice line-to-neutral and twice line-to-line, which is equal to 
3.46 X line-to-neutral voltage. Taking the average of 2 and 
3.46 gives us 2.73,—hence, the derivation of the well known 
2.73 transformer. 

The A. I. E. E. Rules in 1925 adopted the 2,73 transformer as 
standard for solidly grounded systems. No reference was 
made to the amount of adjacent line insulation used although 
by this time it had become quite general practise to over-insulate 
some transmission lines to cut down outages. 

The other point which shows that the section adopted by the 
Institute in 1925 on reduced and graded insulation was not quite 
correct is that, according to these rules, a transformer with 
solidly grounded neutral and where the only dielectric test is 
the induced voltage test, can be built with the insulation between 
the high-voltage windings and low-voltage winding graded 
strictly proportional to the 60-cycle or induced voltage stress 
along the coil stack. It is well known and has again been shown 
in Mr. Palueff’s paper that this is not a safe practise to follow 
where lightning is encountered. 

It can be said in defense of the adoption of the 2.73 design, 
however, that the first grounded high-voltage systems of the 
220-kv. class in this country were in localities where lightning 
voltage is very infrequent, namely, in the Pacific Coast States. 
The 2.73 transformers which have been in service on these systems 
for several years have given a very good account of themselves, 
largely, no doubt, because of the absence of severe lightning 
rather than because the neutral was grounded. 

Experience has shown that while this practise is satisfactory 
when applied to sections where lightning is not severe, it is not 
always safe when applied to sections where lightning is very 
severe. As a matter of fact there is no reason why it should be 
safe unless the transformer insulation is properly coordinated 
with the line insulation, because it is an entirely wrong applica¬ 
tion and one that was not intended when the 2.73 transformer was 
first introduced into practise. 

Standard Rules for coordinating the transformer insulation 
with the line insulation used has been under preparation by the 
A. I. E. E. Subcommittee of the Electrical Machinery Committee 
during the past two or three years, and at the present time this 
problem is pretty well in hand. At least, we are on the road to a 
better understanding of the proper relationship between ex¬ 
pensive high-voltage apparatus and the factors that limit light¬ 
ning voltages received by the apparatus. 

So far then we have made two important steps, namely, (1) 
obtained a better knowledge of what lightning is, and (2) learned 
how to apply the apparatus more intelligently to conditions as 
existing in service. This, of course, has no bearing on what the 
lightning will do after it. is received into the apparatus. It has 
been well known for years that dangerous internal voltages far 
in excess of the 60-cycle stresses can be built up within the wind¬ 
ings. The big problem, however, was how to prevent it in a 
practical way. In other words, the next problem was to make 
the lightning behave in a well ordered manner. Once this was 
done the design of transformers could be placed on a better basis. 

The development of the non-resonating transformer, therefore, 
will not only make it possible to arrange the insulation in a more 
scientific manner but will enable us to demonstrate for the first 
time by low-frequency tests the ability of a transformer to resist 
high-frequency voltages found in service, something which is not 
possible with the ordinary transformer. It can readily be 
appreciated that the non-resonating transformer fulfills a long 
felt want. It marks one more important step in our progress. 

L.' F. Hickernell: The Consumers Power Company, Michi¬ 
gan, has in operation approximately 70 transformer units con¬ 
nected to 500 mi. of metallically connected 140-kv., 60-cycle 
steel-tower transmission line and 18 units connected to 250 mi. 
of 140-kv., 30-eycle line. The line insulation for the most part 
consists of 10 units spaced 4 H in. These transformers have all 


been purchased according to A. 1. E. E. Standards in so far as 


dielectric tests are concerned. 


On the basis that the impulse strength of the transformers is 
10 times their rating, the theoretical impulse flashover strength, 
based on the Pittsfield wave, of the transformers, bushings, and 

line insulators is as follows: 

Impulse 
flashover kv. 

Transformers.... 

.1400 

Bushings. 

.1390 

Insulators.: 

.1200 


To the best of my knowledge, there has not been a single ease 
of failure of the insulation from line to ground due to lightning. 
There have been, however, several failures of the turn insulation. 

These experience data are offered for the consideration of 
the Transformer Subcommittee of the Electrical Machinery 
Committee who have recently submitted a proposal on the 
“Relation of Transformer Insulation to Line Insulation” for in¬ 
clusion in the A. I. E. E. Standards. 

Judging from our experience, I am inclined to believe that 
line-to-ground insulation is only a small part of the story and 
that further attention and study should be directed toward the 
turn insulation, revising, if necessary, the present induced 
test value now contained in the Standards. 

W. M. Banns (communicated after adjournment) It is 
well known that in a device like a power transformer, having in 
effect a number of electrostatic capacities in series and a number 
of parallel capacities connected in at various points, the voltage 
distribution following a surge will not be uniformly distributed 
throughout the windings. • However, the actual distribution 
will naturally be different in different designs of transformers 
because of different arrangements of condensive elements. 

The phenomenon of uneven voltage distribution has been 
recognized in the case of high-voltage line insulators made up 
of a number of disks and it seems to mo that the practise in 
shielding long strings of line insulators constitutes an analogy 
which is of interest in studying the shielding of the windings of a 
high-voltage transformer. 

The voltage distribution over a long string of insulators with¬ 
out grading rings is not uniform, the end units taking more than 
their proportionate share of the voltage. This is the reason that 
many people advocate the use of grading rings on long strings 
of insulators because they actually do help to improve the 
voltage distribution. However, no one proposes to use grading 
rings on short strings of insulators where the voltage distribution 
is inherently better, because the distribution is satisfactory and 
the addition of rings would be not only unnecessary but also 
objectionable. 

Mr. Palueff makes the point that for very high frequencies the 
voltage is distributed over a circuit made up of inductances and 
condensers (for example, a transformer winding) just as if the 
inductances were not present. The analogy between strings of 
insulators of differing structure and stacks of coils in transformers 
of differing structure is. therefore, a true one and stacks of coils 
in transformers of different structures will be subject to the same 
differences in voltage distribution that are brought about by 
structural differences in strings of insulators. 

The longer and narrower the stack of coils the poorer will be 
the voltage distribution from one end of the stack to the other. 
When the stack is quite long compared 1 to the width of the coils, 
as shown in Fig. 2 of Mr. Palueff’s paper, it may become desirable 
to introduce the otherwise objectionable grading rings just as 
in the case of long strings of insulators, in order to improve the 
voltage distribution. 

In structures of the shell type where the coils are much wider 
and where the length of the group of coils is very much less in 
proportion to the width, just as in the case of the short string of 
insulators, a shielding structure would be not only unnecessary 
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but objectionable. This has been fully demonstrated in tests 
within the past few years. 

Transformers in general are already much more complicated 
than they used to be and it would seem that voltage distributors 
or shields ought to be used only when they are necessary to bring 
about a reasonable voltage distribution. 

K. K. Palueff: As Mr. Peters pointed out, the connection 
of the inside turn of a coil to the outside turn of the next, as 
shown on Fig. 2 of his discussion, is indeed a hazard. This was 
recognized by us about twenty years ago, and we have not 
used it since that time. It was replaced by the so-called twin- 
section coil with connections between coils, as shown on Fig. 1 
of Mr. Peters' discussion. 

Mr. Peters suggested that, while shields may bring the poten¬ 
tial of the outside turns of the stack to proper values, they cannot 
do that to the inside turns, which are removed too far from the 
shields to be affected by them. This is correct only if the coils 
are very wide, say 10 or 14 in., such as are used in the transformers 
with which Mr. Peters is most familiar. This width is one of the 
reasons that make it extremely difficult to produce a non-resonat¬ 
ing transformer of shell type construction. 

With concentric windings, the coils are narrow and the shield 
consists not only of a metal surface on the outside of the winding, 
but also of a static plate at the line end of the stack (see Fig. 1 
of the paper), where the effect of which Mr. Peters was speaking 
is greatest. These features are responsible for the test results 
shown by curves 3 A and SB of Fig. 20. 

I fear that Mr. Peters is attaching too much importance to the 
influence of the interconnection of coils on transient voltage 
concentration. While the interconnection of coils has a decided 
effect on the voltage distribution produced by the oscillation 
in the winding ensuing after the impact of a traveling wave, it 
has very little effect on the “initial” voltage distribution, during 
which the transformer acts practically as if the turns were dis¬ 
connected from each other. In such a case the windings, shown 
by Figs. 1 and 2 of Mr. Peters’ discussion, act very similarly. 

I am glad to And that Mr. Peters’ impulse tests of voltage 
distribution in the shell-type transformer agree with the results 
of my tests on transformers of the same typo, as shown by Curve 
1C of Fig. 20. It is unfortunate that Mr. Peters did not show us 
the voltage to ground that he found for various points of the 
winding during these tests, as these values are of vital importance 
to a transformer designer. However, his results are sufficient 
to enable one to state (in accordance with the principles described 
in the paper) that the voltage to ground, of at least half of the 
winding near the ground end, did rise far above its normal share 
of the applied voltage, (i. e above the straight line of uniform 
distribution). 

This statement is based on the following considerations: 

a. Mr. Peters’ tests show a severe voltage concentration at 
the line end; 

b. This means that the initial voltage distribution is of a 
character shown by Curve 1 of Fig. 21; 

c. The final voltage distribution, of course, is a straight line 
L Q of the same figure; 

d. The difference between the initial and final voltage dis¬ 
tribution requires a transient state; 

e. The damping factor of power transformers, being small, 
allows this transient state to be oscillatory. Therefore, various 
points during the oscillation will rise above the respective 
points of their final state (which lie on line LG). 

f. The rise above the final state depends on the shape of the 
wave as explained in the paper. (See Fig. 21.) 

Voltages produced in the winding by damped oscillations of 
the transmission line are cumulating. They may reach, there¬ 
fore, as high a magnitude as that of lightning voltages, in spite 
of the fact that the amplitude of the damped oscillation of the 
line is roughly half of that of unidirectional lightning wave. For 


this reason, I believe Mr. Peters’ underestimatos the hazard of 
this class of transients. (Seo Fig. 20.) 

Transient voltage stresses between turns on the line end of the 
winding increase with ati increase of turn insulation, at a rate de¬ 
pending upon the size and shape of the conductor and of the* 
winding. The strength of turn insulation increases with its 
thickness, usually at a different rate. Increasing the turn in¬ 
sulation at the line end, therefore, may not ineroaso the reliability 
of the winding at all. This is particularly true for wide coils. 
Therefore, the strengthening of the winding against lightning 
stresses, by merely increasing the insulation, is not as simple a 
matter as may appear from Mr. Peters* remarks. 

In his discussion of my paper, Mr. Dann drew an analogy 
between transformer windings and insulator strings. 

Realizing that “an analogy is a good servant, but a poor 
master,” I caution the reader that in several places in my paper, 
the analogies used were only approximate. 

While the capacitance circuit of a transformer winding may bo 
compared with that of an insulator string for an cion mu tary 
discussion of its behavior under high-frequency excitation, such 
a comparison is entirely inadequate for a quantitative analysis. 
Where it is desired to determine the effect of the configuration of 



Fig. 4—Initial Voltage t>*8Tiu notion in Stack. 10 In. 
Long with Wide Ooilh (10 in.) 


the winding on the phenomenon, the separate coils (disk or 
pancake).cannot be looked upon as solid metal plates comprising 
condensers C w of Fig. 3 of the paper, but must bo considered 
as rather a complicated network shown on A of Fig. 3 where* a h 
is the first turn, b c is the second turn, c d is the third, etc. 

For this reason, the voltage concentration across the line 
coils increases with increase of its width. If each coil acted as a 
solid plate, the voltage would decrease. 

For the same reason, the relative shortness of the shell type 
transformers does not exort the beneficial effect expected* hv 
Mr. Dann. . * 

Fig. 4 herewith gives a result of lightning tests on a very short 
stack, (10 m.) with wide coils (10 in,). 

Fig. 19 of the paper shows that, with wirto coils, during initial 
voltage distribution, the voltage drop across the lino coil is 
appromnatidy 55 per cent of the total applied voltage. Curve 
1C of Fig. 20 shows that 65 per cent of tho applied voltage ap- 

fT 088 o£ lhe 8,1611 ^1'° winding Slack while 

curves 1A and IB of tho same figure, show that same voltage 
appeared across 7H per cent of tlio stack of tho concentric type 
of transformer Thus, in this particular ease, the voltage con¬ 
centration in tlie shell type transformer happened to lie three 
times as great as in tho other. If it is remembered, as Mr. Dana 
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points out, that a shell type stack is substantially shorter than a 
concentric type stack, it means that the voltage stress per unit 
length in shell-type transformer is even more than three times as 
great as in concentric type transformers. 

That the severe concentration of voltage in shell type trans¬ 
former does take place is also substantiated by tests by Mr. 
Peters. That the severe oscillations are produced by a single 
lightning wave is illustrated by the cathode ray oscillogram, Fig. 
5, herewith. 



Fig. 5—Oscillation Produced in Shell Type Transformer 
by Single Unidirectional Wave 


I should like to call to Mr. HickernelTs attention that, in the 
paper, only a transformer with a solidly grounded neutral is 
discussed. In such a case, the A. I. E. E. standard insulation 
test, consisting of a so-called induced voltage test with the 
neutral end of the winding grounded, allows grading of major 
insulation in the order of the voltage to ground existing during 


this test. It is this grading of the major insulation that is 
criticized by the author. 

In case of a transformer operating with neutral isolated or 
with the high-voltage winding connected in delta, the insulation 
test consists of not only an -induced voltage test, but also of a 
high-potential test between the high-voltage winding and ground. 
The latter test, subjecting the entire high-voltage winding to full 
test voltage to ground, allows no grading of the major insulation. 
No trouble should be expected with major insulation of such a 
transformer. 

As far as I know, the Consumer’s Power Company of Michigan, 
referred to by Mr. Hickernell, operates with isolated neutral and 
with most of the transformers connected in delta on the high- 
voltage side. The absence of trouble with the major insulation 
on that system, therefore, has no bearing on the conclusions 
suggested in the paper. 

I am glad to find that Mr. Hickernell’s operating experience 
emphasizes the importance of coil and turn insulation. On 
the seventeenth page of the paper, the table of insulation al¬ 
lowances and the test voltage stresses is given. These allow¬ 
ances were used for many years, and show that where the tran¬ 
sient stresses are particularly high, the strength of the turn 
insulation may be more than 800 times the turn-to-turn stress 
produced by the A. I. E. E. test. 

In a non-resonating transformer the insulation between coils 
and turns is practically the same as shown in the above table, 
but the stresses due to the elimination of internal oscillation are 
reduced in the order of from 10-fco-l up to 100-to-l, and thereby 
very much greater reliability is secured. 

I am glad indeed to find that Mr. Sporn, an operating engineer 
of very wide experience, shares my confidence in the reliability 
of non-resonating transformers. 

It is hoped that the series of cathode ray oscillograms obtained 
on a power transformer with a transmission line will be published 
in the near future. Fig. 5 of this discussion is one of these 
oscillograms. 
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D URING the last fifteen or twenty years the prob¬ 
lem of calculating the transient currents in a-c. 
machinery has become increasingly important. 
Many notable papers on this subject have appeared in 
technical literature both in this country and abroad. 

In the analysis of these transient problems it is 
necessary to make some assumptions, either in regard 
to the nature of the phenomena or in regard to the 
characteristics of the fundamental physical quantities 
involved. The earlier authors, such as Steinmetz 
and Boucherot, followed the first method, while the 
later authors, with few exceptions, have followed the 
second method. The important physical quantities 
involved are the resistances and inductances of the 
stator and rotor windings, and the characteristics of 
the magnetic circuit that enter into the determination 
of the eddy-current and hysteresis losses. It has been 
customary to assume that the resistances and self¬ 
inductances of the stator and. rotor windings are con¬ 
stant, and the mutual inductance between any two 
windings varies with the cosine of their relative angular 
displacement. These assumptions in regard to the 
inductances are practically equivalent to assuming that 
the air gap is uniform and the flux in it, sinusoidally 
distributed. Whenever eddy-currents have been con¬ 
sidered they have been assumed to exist in an electric 
circuit of constant resistance and self-inductance. 

It seems appropriate to present at this time a brief 
summary of the technical literature by the principal 
investigators of these transient problems, indicating 
the ,type of solution and the essential features of the 
methods they have employed. Those authors who 
adopted the foregoing or other reasonable assumptions 
in regard to the characteristics of the fundamental 
physical quantities, and have carried out the mathe¬ 
matical analysis with rigor, are said to have given an 
exact solution. All other solutions are classed as 
approximate. Thus all cases where the resistances 
have been neglected or have been taken only partially 
into account, as, for example, in determining values for 
the damping coefficients, have been classed as approxi¬ 
mate, even though such solutions may have constituted 
very important and valuable contributions to this 
subject. 

♦National University of Chekiang, Hanehow, China. Formerly 
the Massachusetts Institute of Technology, Cambridge, Mass. 
Presented at the Winter Convention of the A.I.E. E., New York, 
N. Y; Jan. 28-Feb. 1,1929. 


These transient problems are readily grouped in 
three general classes. In the first the circuits on each 
side of the air gap are symmetrical, in the second the 
circuits on but one side of the gap are symmetrical, and 
in the third the circuits on neither side of the gap are 
symmetrical. Exact solutions for problems in the first 
two classes can be obtained by operational methods, 
but those in the third class do not readily lend them¬ 
selves to mathematical treatment, except in one special 
case. 

In the accompanying table is given the summary of 
the methods employed by the principal investigators. 


Table 1 


CASE 

DIAGRAM OF 
CONNECTIONS 

AUTHOR OF 

SOLUTION 

TYPE OF 
SOLUTION 

ESSENTIAL FEATURES 

m 

r 

L 

ROT 

'C 

OR STATOR 

Steinmetz 1909 

Boucherot 1911 

Berg 1915 

Biermanns 1915 

Doherty 1918 

Shimidzu and 

Ito 1922 

(Me 1924 

Approximate 

Approximate 

Approximate 

Exact 

Approximate 

Approximate 

Exact 

••Flux Theory" 

“E.M.F. Theory" 

For Special Case 

rp/U-M.1 

“Constant Flux Linkages 
Theorem" Resistances 

Fkst Neglected. 

Mathematical 

ra l 

Ij 

£ 


Doherty and 1927 

Nickle 

Approximate 

Double-Reaction 

Method and Constant 

Linkages Theorem 

n 

r 

L 

RO 

]f 

TOR 

nnrmr^j 

STATOR 

Boucherot 1911 

laffoon 1924 

Franklin .1925 

Approximate 

Approximate 

“Constant Flux Linkages” 

Doherty's Method 

n 

r 

L 

3^ 

n 

Steinmetz 1909 

Arnold 1913 

Diamant 1915 

Dreyfus 1916 

Lyon 1923 

Laffoon 1924. 

Franklin 1925 

Approximate 

Approximate 

Approximate 

Exact 

Exact 

Approximate 

Approximate 

Boucherot's Method 
•Vector'Method 
•Vector* Method or 

Method of •Shrinking 

Vectors'. 

ROTOR STATOR 

m 

r 

ROT 

|£3 

Karapetoff 1925 

Approximate 

Neglect Resistances 



B 

1 .STATOR 

Dreyfus 1912 

Exact 

Mathematical 

j 2 

G 

ROT 

It, A] 

Rudenberg 1925 

Befcku 1927- 

Exact 

Exact 

Dreyfus’Vector 

Method 

Operational 

I 



Doherty and 1921 

Williamson 

Lyon 1923 

Ehevfus 1911 

Approximate 

Exact 

Exact 

“M.M.PS. Considered 
and Const Flux Linkages” 

vector Memo 

“a* 

-—a 

Q 

_SOI! 

n 

DR STATOR 

Bekku 1927 

Exact 

Operational 


1 Salient Pole Rotor . 2 Symmetrical Field Excitation 

One of the principal advantages of the Heaviside 
operational method is that the magnitudes of the 
transient currents are directly determined by means of 
the expansion theorem without recourse to the solution 
of simultaneous equations which is a feature of other 
methods of analysis. This advantage alone justifies 
the use of the method. 

After the present investigation had been completed 


28-42 
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the Heaviside operational solution by Bekku 1 was 
brought to the writer’s attention. Bekku considered 
only the case of an alternator with symmetrical excita¬ 
tion and so in this slight respect his solution differs from 
that presented by the author. In addition the author 
believes that such a powerful method deserves to be 
more widely known than would be possible from 
Bekku’s publication in a foreign journal. 

The following assumptions that have been made 
conform with the general practise. First, it will be 
assumed that the stator windings are symmetrical 
and that the rotor is turning at constant speed. Second, 
it will be assumed that the resistances and self-induc¬ 
tances of the windings are constant and that the mutual 
inductance between any two windings is proportional 
to the cosine of their relative angular displacement. 
Thus the effect of frequency upon resistance, the effect 
of saturation upon inductance, and the effect of har¬ 
monics in the distribution of the air-gap flux density are 
neglected. It should be observed that these assump¬ 
tions in regard to the inductances cannot be realized 
except when the machine has a cylindrical rotor. It 
must be noted particularly that the solution as here 
presented does not apply unless the circuits on at least 
one side of the air gap are symmetrical. For example, 
the method does not apply to the sudden single-phase 
short-circuit of an alternator with the usual type of 
field excitation. 

Briefly this solution consists in applying first the 
Stokvis-Fortescue method of symmetrical-phase com¬ 
ponents to reduce the polyphase relations to equivalent 
single-phase relations; second, an operational method 
by which the equations that apply to the stator and 
rotor circuits and that recognize their relative ang ular 
velocity are transformed so that they become similar to 
the equations that apply, to circuits which have no 
relative rotation; third, the Heaviside operational 
method, including the principle of superposition as 
applied to static circuits, is employed to determine the 
integration constants in the solution. 

For the sake of brevity it is only shown how this 
method of analysis can be applied to the problem of the 
simultaneous polyphase short circuit of an alternator. 
Several other cases have been calculated and the results 
are compared with the measured current wave forms. 
The agreement between the observed and computed 
values is quite satisfactory. 


the currents which flow when the terminals are sud¬ 
denly short circuited. Thus the current in any phase 
after the short circuit occurs can be considered as the 
sum of two components: first, that current which would 
exist if no disturbance occurred, and second, the addi¬ 
tional current that would be produced by suddenly 
applying to the terminals an alternating e. m. f. equal 
and opposite to the potential existing there before the 
short circuit. 

If the short circuit takes place under steady condi¬ 
tions, the first component is the normal steady-state 
current of the phase, and can be readily obtained by the 
conventional schemes of steady-state analysis. 

A short circuit suddenly reduces the terminal poten¬ 
tials to zero. The net effect of this on the circuit 
currents is equivalent to suddenly applying e. m. fs. 
to the terminals which will nullify the effect of the 
potentials existing there. The current in any phase 
resulting from these suddenly applied e. m. fs.—all 
other potentials being considered zero—is the addi¬ 
tional component mentioned above. This principle is 
convenient to use because it reduces the short-circuit 
case to the conventional operational calculus problem— 



Fig. 1—Connection fob Sudden Application of E. M.£Fs. 
to Alternator Terminals 

that of finding the response of a circuit to a suddenly 
applied e. m. f. 

The operational equations for the alternator’s re¬ 
sponse to the suddenly applied terminal e. m. fs. 
can be written as follows, reference being made to 
Fig. 1: 

(Ri + L x p) i a + M p [i 2 cos n f] = v„l (1) 

(Ri + Li p) i b +Mp £i 2 cos (nt - = v b 1 (2) 

(Ri + Lip)i c +Mp £i 2 cos (nt — )J = 1 (3) 


Fundamental Equations 
With the foregoing assumptions relative to the 
character of the resistances and inductances, super¬ 
position of currents is possible and the principle under- 
lymg Th^v enin’s 2 theorem can be used in determining 
1. S. Bekku, “Sudden Short-Circuit of an Alternator,” 
Researches of the Electrotechnical Laboratory, No. 203, June 1927 
Tokyo, Japan. ’ 


2. L. Th6venin, “Sur un Nouveau Th6or6me D’Electriei 
Dynamique,’ Comptes Rendus, Vol. 97,1883, pp. 159-161. Wh 
this theorem was written for the steady state, its extension to t 
transient case can be readily made. 


(S 2 +L 2 p)ii + Mp cos n t + i b cos (n t — ^ 

+ i cos ( n t - ) ] = 0 (4) 

Where 

Ri = resistance of stator, per phase. 

Ri = resistance of field. 

Li = synchronous self-inductance of stator, per 
phase. It is the self-inductance of one 
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stator phase, plus the mutual effect of 
each of the other stator phases. 

L« - self-inductance of field. 

M — maximum value of the mutual inductance 
between one phase of the stator and the 
field winding. 

i,„ i,„ i e a= instantaneous values of stator currents in 
phases a, h, anci c. 

*» - instantaneous value of field current. 

v„, vt„ v,. ~ instantaneous values of the stator terminal 
potentials in phases a, b, and c, 
n ~ relative angular velocity between windings 
of stator and field. 

d 

p ss , the time differential operator. 

1 unit function. In operational calculus nota¬ 
tion this means a time function which is 
discontinuous at /. -- 0, being zero before 
and unity thereafter. 

Although the e. m. fs. which are applied are equal and 
opposite to the terminal potentials, when considered 
with respect to the assumed positive direction of current 
How in the armature winding, they have the same direc¬ 
tion as the original e. m. fs. in the phase. 

Simplifying the Equations 
If the stator potentials are balanced, the e. m. fs. 
which are applied will also be balanced, so 

v„ + Vi, -I v„ “ 0 (5) 

With no connection to the neutral, the currents in the 
stator must satisfy the relation 

i„ 4 it, + i, =- 0 (6) 

It is seen from these relations that Equation (3) is 
obtainable from (1) and (2), and hence need not be 
considered further. 

Also by means of (6) it is seen that Equation (4) 
can be reduced to 

(R, 4 L, p) i; 4 VTi M p £ i„ cos ( n t - ) 

4- it, cos ( n t -- —jjr ) J 0 (7) 

The equations for solution now consist of (1), (2), and 

(7). 

Introduction of Symmetrical Components 
By introducing the Stokvis-Fortescue scheme 3 of 

II. L. Ci. Ntolcvis, "Hur la Oiiltilum <l«*s Hartuoiiiquos 3 dans 
l.-s Alfcriutli'urs par Kuitu du Dt!s*'r|tiilil>niK<! dos I'liasus,” 
Complex kind,ix, 159, 1914, pp. 49-49. I,. (I. Ntokvls "Analysis 

»f l inlialiinc.cil Thrcc-l’ltasi* Syslinus,” Hlrrlrir.nl World, (15,1915, 
pp. 1 HI-15. R. 15. Gilman and O. L. Fortcscuu, " Si nt/lc-phase 
Power Snrir.c from Control Stations" A. I. E. E. Tuans., Vol. 
XXXV, 1910, p|>. 1329-1347. C. L. Forloseno Method of Sym- 
motriral Co-ordinates Applied to the Solution of Polyphase. Net¬ 
work*," A. I. E. E. Trans., V<»1. XXXVI t, 1918, pp. 1027-1115. 


symmetrical component analysis, the phase currents 
can be resolved into their positive- and negative- 
sequence components. Writing these relations for 
the currents in phases a and b, 


i u ~ i + 4- i- 
i,, - i + a- + i. a 


( 8 ) 


Si -JT ‘1 ir 

where a and a 2 are respectively e 3 and e 3 . 

The e. m. fs. applied to phases a and b can be simi¬ 
larly resolved, so 


»« = v+ 4 - v. 


= 14 a- 4 - v. a 


( 9 ) 


and the induced e. m. fs. due to mutual induction can 
be written 


M p £ •»» cos ^ n t — ^ J = e+ a 2 4- a j 


M p [t. cos nt\- e + 4 - «- 

2jr 

3 


( 10 ) 


If the cosine terms in (10) are written in their 
exponential form, it is seen that 


<4 = 


M 

IT PU€ 

M . 

— p 


jtU 


-jni 


(ii) 


Equations (1) and (2) can now be rewritten so as to 
include the relations of Equations (8), (9), and (10). 
They become 


(R, 

4- L\ p) (i+ 4-i-) 4- (<4 

4- e.) = (®+ 4- /•'-) 

1 (12) 

(lit 

4- Li p) (t+ a- 4- i - 0 ) 4- 

(c + a 2 4- <t - «) 




*= (» + a 2 4- 

V- a) 1 

(13) 

These can be solved to obtain 





(R, 4- L, p) i\ 

4- a+ - v +1 

(14) 



( R i 4- Li p) L 

4- - V- 1 

(15) 

and 

upon 

insertion of the ( 

expressions for «+ 

and e_ 

there results 




(Ri 

M 

-(- Li p) 4 4- ~2~ 

■ p i s e jnl — »+. 1 

(16) 


(R, 

M 

4- Li p) L 4- ~2~ 

- p is e ~ Jnt — »- 1 

(17) 


This transformation of (1) and (2) into (16) and (17) 
has resulted in considerable simplification for now one 
equation has been obtained which contains only 
positive-sequence terms, and another which contains 
only negative-sequence terms. 

When the relations of (8) are substituted into (7), 
the latter becomes 
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(Ri + Li p) ii + — Mp (i+ e jnt + i_ e Jnt ) = 0 (18) 

Equations (16), (17), and (18) are now in form to be 
readily handled by operational methods. 

Reduction to Stationary Coupled-Circuit Problem 
There is an operational transformation formula by 
means of which an exponential time function e~ ki 
forming part of the operand of an operational expres¬ 
sion can be shifted around its operator to the position 
of a multiplying factor. The compensating change in 
the operator to show that this has taken place is made 
by replacing p throughout with p — Jc. This process 
can be expressed operationally as follows : 4 

z^ «-‘7(0l-i, 

where 1/Z (p) is the operator, and e ~ kt f (t) 1 is the 
operand, or time function, before the shift is performed. 

The converse of this process is possible also, and an 
exponential e kt can be shifted into the operand if the 
operator is changed by replacing p with p + k. This 
transformation affords a convenient means of simplify¬ 
ing the alternator equations still further before attempt¬ 
ing to evaluate them. If Equation (17) is multiplied 
by e Jn , and Equation (16) by e~ jnt , and then these 
exponentials shifted to the operands, the two equations 
become 


where 


<r = 1 — 


3 

2 


M* 


L t Li 
hi -f- hi 


D(p) =p* + [fc i + A-±A_] p2 

+ [ ni + ~ (hi + 2 hi) ] p + [ n 2 + Ai 2 ] 


hi 


= (P ~ Pi) (p - P 2 ) (p - p 3 ) 

#i Ri 

= —f—> and hi = -=— 

-k1 Z/ 2 


G+ = (P + hi) (p + hi — j n) 
G- = (p + hi) (p + hi + j n) 
„ 1 

= o (<r - 1 ) P (p — j n) 


H. = 


~ 2 ~ ( a ~ - 1 ) P (P + j n) 


The e. m. f. applied to phase a is of the form 
v a = V m sin n t 

V~ V 

= --^L Jnt _ J_2L . -jnt 

2 j 6 2 j € 

— + V- 


[Ri+Li(p+j n)] i + e M +'^~ (p+j n) i,=v+ e ~ jni 1 


SO 


2 j 


Jnt 


( 20 ) 

[Ex + Li(p — j n)\ i. e Jnt +~- (p-j n ) i 3 = v. e Jnt 1 

( 21 ) 

By this transformation two linear equations with 
constant coefficients have been secured which can be 
combined with Equation (18) to solve for the three 
variables *+, i_, and i 2 . Thus the alternator equations, 
written with a variable mutual inductance parameter 
o care for the relative motion between circuits, have 
been reduced to those of the equivalent coupled circuits 
having windings which are stationary. 

Soiving equations (18), ( 20 ), and (21) simultaneously, 
the following operational expressions for i+ and i are 
obtained: " 


V m 
2 j c 


-jnt 


(24) 


If these values are inserted in Equations (22) and (23) 

and all constant factors moved to a position before the 
operator, 


i+ = 




m jnt ^ 

2 j € VTTd (p) [G + + H + + H-] 1 (25) 


r m _ j n t x 

2 j 6 a Li D (p) [G - + H - + H +\ 1 (26) 

It is apparent from these results that the effect of the 
shifting step has been to remove the rotational factors 

cieS« 1 the A?^? ld t0 - the position of multiplying coeffi- 

o^SiJ^ becomes the conventional 

•, P a ^ onal Problem of evaluating the result of an 

»V = e Jn ‘ ~ 1 ■ f (G + +H )v t-** w „ M‘li 0p * rato roperating on theunit ti mefunction. 

<rLiD (p)LIW+"+)»+« - H.v.e Jl Equations (25) and (26) have been derived on the 

assumption that the short circuit occurs at the instant 

( 22 ) of zero potential in phase a. As the disturbance c?n 

*- = 6 Jn> a~L D 1 + H ) v e Jnt -H v e ~ yn< 1l theeauaHn 7 th . e cycle ’ a more general form of 

<r LiD (p)L -J - e H + v + e Jl the equations can be written with the angle »t replaced 

oynt+ 8. The equations then become 

i-L = -—~ J(nt+e) _ J 2 1 __ 

2 € Tub (p) IG + + h + + h.]i 


V 4 pi„S,‘ ^,® avisid ®> “Eleotromagnetio Theory,” Vol. II, p . 294 . 
VII? S^. 1 o Peratl0aal Circuit Analysis,” (Wiley), 1929 , Ch. 


(23) 


(27) 
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V. 

2 


€ -j(nt +«) “ 2 


TlTdIp) [G ~ +H- + H+] 1 


( 28 ) 

i he factors 1/j and — 1/j have here been written in 

v rr 

their exponential form e J 2 and e z . 

Evaluation by Heaviside Expansion Formula 
Equations (27) and (28) have been reduced to the 
ordinary form of operational equations, and there 



Fi«, 2 —Polyphase Short Circuit op Alternator at No-Load 
Current Transient in Phase A 

Tins full lines represent oscillograph records and the dotted lines the 
calculated values 


remains the evaluation of operational expressions such 
as 


A ( V ) _ G± (p) + H+ (p) ± H- (p) 

B (p) ~ D (p) L (29) 


G+ ± K, ± H 
Ps (Ps - Pi) (Ps - 

and a similar solution can be written for (28). 

When Equations (27) and (28) have been finally 
interpreted into functions of time it is found that £+ 
and i. are conjugate quantities, so that from Equation 
( 8 ), 

ia = i+ i- =2 (i+)real ) 

(32) 

i b = i+ a? + i. a = 2 (i+ ct?) rea i J 

Consequently the actual numerical work is reduced to 
the interpretation of * + from (27) by means of the 
expansion formula given in (30). 




Application to Polyphase Short Circuit Under 

Load 


When the short circuit occurs under load, the angle 8 
does not correspond to the rotor position angle as in 
the no-load case. This can be seen by consideration 
of the excitation e. m. f. E and the terminal potential 
V in Fig. 3. The terminal potential lags behind E 
by an angle 


a = 8 — 6. 

Under these conditions 


v+ = 


Vjn 

2 j 


6 J\nt+e) 


»_ 


y m 

_-1 - —j(.nl+9) * 

2 j 


(34) 


A convenient way of doing this is by means of the Heavi¬ 
side expansion formula in the form 8 




A ( Pk) 
E{pk) 


ePkt 


(30) 


where F (p*) = [(p — Po) (p — Pi) . . . (p - p*_i) 
(p — Pa+i) . • • (p — P»)]j> -pk in which, for our case, 

p„ p a .p« are the roots of D (p) = 0, and 

p u = 0 because the operand in (29) is the unit function. 

The result of using this on Equation (27) is the series 
of terms 


£4, — 



G+ + H+ + H_ 

(- Pi) (- P 2 ) (- Ps) 


p **0 


S fro. + H+ + H- 
+ | Pi (Pi — P 2 ) ~ 


e Pit 

p -pi 


the same as before, hut the exponentials in Equations 
(22) and (23) are now e S(nt+e+a) and e~ J ' (nt+9+a) . This 



Pie. 3 —Relative Position on Excitation E. M. F. and 
Terminal Potential at Instant op Short Circuit Under 
Load 

results from the fact that the e. m. fs. due to mutual 
induction in (11) depend upon the position of the rotor, 
so under load conditions they take the form 

e* = pit +»+“>, 


+ 


G+ + H+ + H- 
P 2 (P 2 ~ Pi) (P 2 - Ps) 


eV 

P “Ps 


and the exponentials involved in the shifting process 
correspond. When these are combined with the values 
for » + and v. given in (34), there results 


5 I Cohen “The Heaviside Expansion Theorem,” Jour. 
Franklin Inal., 194, 1922, pp. 765-770. V. Bush, loc. oil., Chap. 
VII, See. 4. 


v m 

2 j 


J(nt +0 +QL ). 


<r. Li D (p) 


[G + +H + €- y “+H-e /a ]l 
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Vm 

2 


t_ = 


V. 

2 


/( nt+0 ~T). 

- J ( nt+ °~i) 


<r Li D (p) 


cr LiD (p) 


[C + + H+ + H. e 2 '“]l 

(35) 

[G-+H_+H + €- 2 -'“]i 

(36) 


Field Current Transients 
The expression for the field current transient can be 
obtained by solving Equations (18), (20), and (21) 
simultaneously for i 2 . For the general case of short 
circuit under load 

3 M V m p 

[n cos a + (p + hi) sin a] 1 


H ~ 2 


Li Lz 


D (p) 



Fig. 4—Field Current Transient Corresponding to Case 
op Fig. 2 

The full lines represent oscillograph records and the dotted lines the 
calculated values 


(37) 



Fig. 7—Polyphase Short Circuit op Alternator Haying 
Lagging Power-pactor Load. Current Transient in Phase a 

The full lines represent oscillograph records and the dotted lines the 
calculated values 



Fig. 5—Polyphase Short Circuit op Alternator Having 
Unity, Power Factor Load. Current Transient in Phase a 

The full lines represent oscillograph records and the dotted lines the 
calculated values 
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Fig. 8—Field Current Transient Corresponding to Case 
op Fig. 6 

The full lines represent oscillograph records and the dotted lines the 
calculated values 
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Fig. 6—Field Current Transient Corresponding to Case 

op Fig. 4 

The full lines represent oscillograph records and the dotted lines the 
calculated values 



Fig. 9—Polyphase Short Circuit op Alternator Haying 
Leading Power-p actor Load. Current Transient in Phase a 

The full lines represent oscillograph records and the dotted Tin as the 
calculated values 


For the particular case of a = 0, these two equations 
reduce to those of the no-load case given in (27) and 
(28). . The expressions for i + and i~ are again conjugate, 
so it is necessary to evaluate only i + , and the phase 
currents are given again by Equations (32). 

Curves showing comparisons between experimental 
and calculated phase currents for short circuits occur¬ 
ring under loads having power factors which are unity, 
lagging, and leading, are given in Figs. 5, 7, and 9. 
Calculations for these are given in the Appendix. 


When the short circuit takes place at no load, 
a = 0, and the expression simplifies to 

. 3 M n p 

** ” ~ ~uz ~ Vm itm 1 <m> 

Since the evaluation of (38) is not difficult, in the no- 
load case it is often convenient to solve for the field 
transient first. Since the field transient consists of a 
surn of terms, there will be a term in the stator transient 
corresponding to each; so it can be expressed by 
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U{v k + h x +jn) 


real 


(39) 

The field current transients to correspond to the 
above cases of short circuit at zero load, and at loads 
of unity, lagging, and leading power factors are given 
in Figs. 4, 6, 8, and 10. Calculations for these are 
given in the Appendix. 
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The case of sudden voltage reduction at the induction- 
motor terminals was also studied. Curves giving a 
comparison between calculated and experimental results 
for two of these cases are added in Figs. 11 and 12. 

Acknowledgment 

The author wishes to acknowledge his indebtedness 
to Professor V. Bush and Dr. B. A. Behrend for their 
suggestions and encouragement, and particularly to 
Professor W. V. Lyon and Mr. M. F. Gardner, who have 
revised the paper for publication. Credit is also due 
to those former graduate students of the Massachusetts 
Institute of Technology whose theses were the source 
of helpful experimental results. 




Fia. 12 -a, b—Sodden Vodtagb Reduction at Induction- 
Motor Terminals. Stator Currents 

calculated '* a 'i[^ a roprC8ent 03 ClUo « rtt P h records and the dotted Unes the 

Appendix 

Numerical Data and Calculations 
Machine Constants 

Ri = 0.0232 i?2 = 0.138 . Af=8.34xl0~ 3 

Li = 5.66X10-* L 2 = 19.3xl0 -3 n =377 

hi =4.10 h 2 =7.13 <r=0.046 


Additional Applications 
In addition to the above applications to the alter¬ 
nator, the author has applied this scheme of analysis 
to the short circuit of the induction motor, both the 
balanced and unbalanced cases being considered. 


1 

cr I/j 


3840 


General Calculations 

D ( p ) = p 3 + 248 p 3 + 144 X 10 3 p -f 220 X 10 3 
gives the roots: p t = - 169 


0 
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<7*(0) 

G+ {fi) 
G. (pO 
G+ (?8) 
G. ( P s) 
F(0) 

F(P0 


p 2 = - 39.6 + j 359 = - 361 /- 83.7 
p t = - 39.6 - j 369 = - 361 /83.7 
2690 /T 89.4 J[ H ^ (0) =0 
66,500 /db 66.4 — 33,300 /=fc66.9 

14,200 /- 58 ff+ (p,) = - 7,500 /- 59.3 

- 265,000 /7.93 H. (p,) = 127,000 /9.4 

[G. (p 2 )] 0 H+ (Pa) = [H_ (p,)]. 

[G+ (P01. H- (Pa) = [S+ (*>*)]. 

22.1X10" E(p 2 ) =— 98.8Xl0 6 /76.5 

- 24.6 X 10" F (p 8 ) =- 98.8X10°/—76.5 


SXori Circuit with no load 


V n = 188 0 = - 71.3 

Initial steady-state current = 0 

(G*+ 1?*+ ff,) f,= -61,000 /T 89.5 

By Equation (27): 

*+ (Pi) . 


188 

2 


€ /<377i—71*3—90) 


3840 X (-61.000 7 -89.5) 
- 24.6 X 10" 


= 894 €“ 109 * e J<377i+109) 


By Equation (32): 

i a (pi) - 1790 e^ 169 * cos (377 t + 109) 
and similarly for roots p 2 , p 3 , and p Q : 

ia (pi) = 949 e- 39 * B ‘ cos (736 t - 51.1) 
ia (Ps) - 1038 e- 39 * 6 * cos (18 t - 88.7) 
to (0) = 88 cos (377 1 + 109) 

For plotting in Fig. 2: 

i a = £o (0) + ia (pi) + (p 2 ) + i a (Ps) 

By Equation (38): 


3_ M n 

2 Li L 2 (7 


- 93.9 X 10 4 


is (0) = 0 

to (Pi) = 1210 e~ mt 

£ 2 (P 2 ) + £2 (ps) = 1290 e*" 39 ' 6 * cos (359 t — 160) 

For plotting in Fig. 4: 

£2 = £2 (Pi) + £2 (P 2 ) + £2 (pz) 

Short Circuit with Unity Power Factor Load 
V m - 125 6 - 180 a = 46.7 p - 227 

By Equations (35) and (32) : 

i a (pi) - 437 €~ 169 ‘ cos (377 l + 47.7) 
i a (p,) - - 585 e- 39 Bi cos (736 t + 115) 
i a (ps) = 637 €~ 39 ‘ 6 * cos (18 t + 161) 
i ai (total steady-state current) = 84.3 cos (377 1 + 47.3) 
For plotting in Fig. 5: 

ia = ias + ia (Pl) + ia (P 2 ) + £a (P*) 

By Equation (37): 

£2 (Pi) - 296 €- 169 ‘ 

£2 (P 2 ) + £2 (P 3 ) = 796 e“ 39 ‘ 6 * cos (359 1 — 112) 

For plotting in Fig. 6: 


£2 = £2 (Pi) + £2 (P2) + £2 (P3) 

Short Circuit with Lagging Power Factor Load 
V m - 99 Z L = 2.52 /84.3 a = 2 fi - - 35 
By Equations (35) and (32) : 

ia (Pi) - - 930 e- 169 ‘ cos (377 t - 34.5) 
i a (po) = 499 €“ 39 6< cos (736 t - 13) 
i a (p,) = - 544 e- 39 * 6< cos (18 t + 126) 
ias = - 81 cos (377 * - 34.4) 

For plotting in Fig. 7: 

ia — ias + ia (Pi) + ia (P%) + £a (Pz) 

By Equation (37) : 

• £2 (Pi) = 628 €- 169 ‘ 

£2 (P2) + £2 (P3) = 676 €" 39 * 6i cos (359 1 — 158) 
For plotting in Fig. 8: 

£2 = £2 (Pi) + £2 (P2) + £2 (P3) 


Discussion 

Louis Cohen t Mr. Ku made effective use of the Expansion 
Formula in his study of a very interesting problem, and he has 
also brought in the use of the “Operand Shift” principle. He 
has of course used the formula correctly, but in shifting the 
operand the impression is created that in applying the formula 
to a-c. problems it is always necessary to shift the operand and 
operate on unity function. This of course is not at all necessary. 
In my paper on the derivation of the Expansion Formula re¬ 
ferred to by Mr. Ku, and alsp in my recent book “Heaviside’s 
Electrical Circuit Theory,” I have given a modification of the 
Expansion Formula suitable for the case of applied alternating 
voltages by which the solution can be obtained directly without 
resorting to the shift principle, and then operate on unity func¬ 
tion. It may be pointed out, however, that the successful use 
of the Expansion Formula depends on the possibility of evaluat¬ 
ing the roots of the determinantal equation Z (p) = 0, and this 
imposes a limitation on its applicability for the solution of 
engineering problems. 

M. F. Gardner: There is a number of points of mathematical 
interest in Dr. Ku’s paper, one of which seems to me to warrant 
particular attention. It is the use of the principle of super¬ 
position in the solution of a system which contains a parameter 
which is not a constant. 

The self parameters of the stator and field circuits are assumed 
to be constants, but the mutual inductance between these circuits 
is assumed to vary sinusoidally as a function of time. The 
principle of superposition is considered applicable to the system, 
so the effects of the various e. m. fs. are solved for separately 
and an algebraic addition made of these results to obtain the 
actual response. Since discussions of the superposition principle 
are generally presented from the standpoint of circuits with 
constant coefficients, its application in such a case as this where 
there is a parameter variable with the time needs some investiga¬ 
tion. While the use of this principle under such conditions is 
frequently made in engineering analysis, there does not seem 
to be available in engineering literature any mathematical 
demonstration that such applications are legitimate. 

When the parameters of the circuit are fixed, that is when 
they are independent of time or circuit performance, and the 
case of impulsive response, is barred, the principle of super¬ 
position can be expressed by the definite integral. 

t 

i ({) = -A- J A (t - X) e (X) d X. (1) 

In this A (t — X) is foflngd from A ( l ) which is the characteristic 
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of the circuit as embodied in its response to a suddenly applied 
unit continuous e. m. f. when the circuit is initially in equilib- 
rium. The integral then expresses the response i (t) to an 
applied e. m. f. e ( t ) of arbitrary form in terms of the same 
circuit’s response to the unit e. m'. f. 

When the.parameters of the circuit are not all fixed, but 
include some which are varying with time, this integral no longer 
has any significance because there is now no characteristic A ( t) 
for the entire circuit which is independent of the time at which 
it is determined. Such circuits can still be treated, however, 
or in general they can be divided so as to separate the variable 
portion from the invariable portion. 1 The differential equation 
for this case can then be written in the operational form 


i (0 = e -M ~ / fa t±iM (OS 

Up) @) 

where f (p, l) represents the operator formed from the variable 
portion, and Z (p) from the invariable portion. The first is 
expressed in general form to show that it may be a function of 
derivatives and integrals as well as time. The differential 
equation written in this modified form shows that the effect 
of the variable part of the circuit has been accounted for by 
the substitution of a fictitious e. m. f. equivalent to the impe¬ 
dance drop in that portion. This combines with the applied 
e. m. f. to produce the current that flows in the fixed part of the 
network. Since the superposition theorem holds for the fixed 
portion, it can be written 

t 

* <*> = -jrf A v - X) [e (X) - / (p, X) i (X)] dX (3) 
0 

and we now have an integral equation. It should be noted that 
A ( t) is the characteristic of the invariable part of the circuit 
only, and the problem has been expressed as the application to 
this part of two related e. m. fs. 

Now let us extend this idea to the case where there are several 


l. 

terns,” 


J. R. Carson, “Theory and Calculation of Variable Electrical 
Phus. Rev., Vol. 17, Feb, 1921, pp. 116-134, 


Sys- 


electromotive forces impressed in the circuit. Consider that a 
voltage €i (t) is applied. The response is given by 


ii (<) = 


dt 


I AU - X) [c, (X) - / (p, X) u (X)] A X (4) 


Had a voltage e, ( t) been applied instead, an expression of similar 
form would have been Obtained for its response (1). Now 
consider that e t (t) and e, (<) are applied in the network simul¬ 
taneously, and write the resulting current as [i, (t) + i„ («) 1 . 
There then is obtained W WJ 


Hi (0 + it «)] = ~ f A (i- X) [( ei (X) +e, (X)) 

0 

“ f (Pt X) (£j (X) + ii (X))] d X. (5) 

On the other hand if the above results, i x (t) and U (0, of applying 
the two voltages separately are added and combined by trans- 
formation into one integral, the resultant expression is identical 
with (5). 

The transformation necessary in making this step is 
. {Q y 1 w + / o *’* (o = / (p* t) iii (t) + i 2 (*)]. (6) 

This is legitimate because / (p, t) is a linear operator, and obeys 
the distributive law although not the laws of algebra in general. 
It is interesting to note at this point that it is the lack of this 
property in functional operators, such as / (p, *), that prevents 
a similar treatment of networks containing parameters which 
are dependent upon the currents and voltages present,—cases 
m which the superposition principle is known to be invalid. 

Since it is seen that the result of adding the effects of two volt¬ 
ages applied separately to a circuit having time-varying para¬ 
meters is the same as that obtained when these voltages are 
applied simultaneously, it justifies the splitting of a voltage into 
its parts and solving for the effects of these parts separately when 
such parameters are present. Since this is precisely the principle 
of superposition, it is seen that this principle can be legitimately 
applied when there are parameters present which are variable 
provided their change is one with time only. 
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effectively sinusoidal as far as regards phenomena dependent upon 
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during starting, and when only small deviations from an average 
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in parallel, and the domain of validity of such circuits is established. 
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poles and an arbitrary number of rotor circuits. The analy¬ 
sis is thus adapted to machines equipped with field pole collars, 
or with amortisseur windings of any arbitrary construction. 
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T HIS paper presents a generalization and extension 
of the work of Blondel, Dreyfus, and Doherty 
and Nickle, and establishes new and general 
methods of calculating current power and torque in 
salient and nori-salient pole synchronous machines, 
under both transient and steady load conditions. 

Attention is restricted to symmetrical three-phasef 
machines with field structure symmetrical about 
the axes of the field winding and interpolar space, 
but salient poles and an arbitrary number of rotori 
circuits is considered. 

Idealization is resorted to, to the extent that satura¬ 
tion and hysteresis in every magnetic circuit and eddy 



currents in the armature iron are neglected, and in 
the assumption that, as far as concerns effects depend¬ 
ing on the position of the rotor, each armature winding 
may be regarded as, in effect, sinusoidally distributed. 8 
A. Fundamental Circuit Equations 
Consider the ideal synchronous mac hine of Fig. 1, 
and let 
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tSingle-phase machines may be regarded as three-phase 
machines ■with one phase open circuited. 
tStator for a machine with stationary field structure. 
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i a , ib, ic = per unit instantaneous phase currents 

e a , e h , e c = per unit instantaneous phase voltages 
a, Pb, Pc = per unit instantaneous phase linkages 
t = time in electrical radians 
d 

^ ~ dt 

Then there is 

e a = P Pa - r i„ 

Cb = p'fo - r it, 

e c = pxp„- ri c . (1) 

It has been shown previously 8 that 
K = I d cos 0 - I a sin 6 


x 0 


] 


r . , . . + x q f . 4 + 4 

g [la + lb' + l c ] — g L 1(1 2 

3 9 [4 cos 2 0 + i b cos (2 0 - 120) 

+ i, cos (2 0 + 120)] 


Xd- x q 


T lx* cti 

= la cos (8 — 120) — /, sin (6 — 120) 

ia + ib + ic Xq -f a:,, r . j + i„ 

3 3 [ H ~ 2 


Xo 


] 


Xd— X „ 


-g—^ [*'« cos (2 e - 120) + ib cos (2 0 + 120) 
+ i c cos 2 0] (2) 

= I d cos (0 + 120) 

- I q sin (0 + 120) - + 

o 


Xd + x„ 


•[' 


ia + H 


] 


Xd Xg ' 

3 [i a cos (2 0 + 120) + i b cos 2 0 
+ ia cos (2 0— 120^1 
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i a , i h , i 0 = per unit instantaneous phase currents 

e a , e b , e c = per unit instantaneous phase voltages 
ypa, 'Pby i Pc = per unit instantaneous phase linkages 
t = time in electrical radians 
d 

Then there is 

e a = p to. — r i a 
e b = p’ib ~ r n 

e c = P \ pc — ri. (1) 

It has been shown previously 3 that 
= Id cos 0 — I g sin 0 

*0. Xd + Xq T • ib + ic 1 

— g [*«■ + U- + *e] - g [_ I’a — 2 J 

Xd — Xa 

— -g-[i 0 cos 2 0 + ib cos (2 0 — 120) 

+ i c cos (2 6 + 120)] 
\pb = In cos (6 — 120) — I„ sin (6 — 120) 


ia + ib + io 

Xd + x„ r . 

in + ia 1 

3 

3 L H ~ 

2 J 


Fig. 1 

currents in the armature iron are neglected, and in 
the assumption that, as far as concerns effects depend¬ 
ing on the position of the rotor, each armature winding 
may be regarded as, in effeet, sinusoidally distributed. 8 
A. Fundamental Circuit Equations 
Consider the ideal synchronous machine of Fig. 1, 
and let 
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machines with one phase open circuited. 
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— — g — [i a cos (2 6 - 120) + ib cos (2 6 + 120) 


i//. —Id cos (6 -f-120) 

— J„ sin (6 + 120) — Xo 


-1- i r . cos 2 6] 


( 2 ) 


ig + ib + io 
3 


Xd ± Xg 
3 

__ Xd-_Xt 
3 

where. 


[ i a + ib 1 

ic ~ 2 J 

[i a cos (2 6 + 120) + i b cos 2 6 
+. i c cos (2 6— 120)] 
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I,i — per-unit excitation in direct axis 
I„ '= per-unit excitation in quadrature axis 
x,i - direct synchronous reactance 
a;,, *= quadrature synchronous reactance 
x« = zero phase-sequence reactance 
As shown in the Appendix, if normal linkages in 
the field circuit are defined as those obtaining at no 
load* there is in the case of no rotor circuits in the 
direct axis in addition to the field, 

*1* ~ per-unit instantaneous field linkages 
- I ~ (xj - x/) i,t 
where, 

I = per-unit instantaneous field current 
2 

i,i — cos 0 + ii, cos (0 — 120) + cos (0 +120)1 


If there is one additionaPPsttor circuit in the direct 
axis there is, 

J?J _ jr 

”- / + Xfidli'i*— (x,l — Xd) id ~ 

, 1 0 P 


id = Xnd I id H- Xf\d I — X m i (1 Id = 7n 


I id 


r j\ut P 


which gives, 


[An,/ — X/i,/l T\\\a P + 1 


(p) * x tl 


G(P) - A (p) 

7'o Tom [AT I M (Xrf —• X,/) — ATy I,;X„, 1,(1 p s 

+ ffx,j — x',/) Tom + Xml,/ 7’..1 p 


A (p) 


(3) 

On the other hand, if n additional rotor circuits 
exist in the direct axis there is, 

<\> ~ I + Xf-,i I s ,i 

*1“ • • • A Ay,,,/ I ml “ (x,l — X,/ ) 1,/ 

where, 

/.* /»,/, . . etc., are the per-unit instantaneous cur¬ 
rents in circuits 1, 2, etc., of the direct axis, AT/m, AT/-,/, 
. . . etc., are per-unit mutual coefficients between the 
field and circuits 1, 2, etc., of the direct axis. 

Similar relations exist for the linkages in each of the 
additional rotor circuits except x,i — x / is to be replaced 
by a term x,„. However, since all of these additional 
circuits are closed, it follows that there is an operational 
result 

Id r ~ I + I\d + L‘,t + . . . . + I ml 

« G (p) E + H (p ) u (4) 

where E is the per-unit value of the instantaneous field 
voltage, and G (p) and H (p) are operators such that 
G(o) =1 G(») = 0 

H (o) = 0 H (a>) ~ x,i- x,“ 

x/ ~ the subtransient reactance* 

It will he convenient to write H (p) — x, t — x (i (p) 
and to rewrite (4) in the form, 

Id = G(p) E + [x rf - x,/ (p)] i,t (4a) 

If there are no additional rotor circuits, there is, as 
shown in Appendix I, 

'P = I - (x l( - Xd r ) iu 
E ~ Tn p 'P + I 

where T 0 is the open circuit time constant of the field 
in radians. 

There is then, 

G (P) = IVp Vi 


*d (p) 


X,/' To p + X rf 

T„p + 1 


♦This definition is somewhat different from that given in 
reference 2, 


where, 

A (;p) ~ [XuXf i/1 T« T»u P*+|X,../ T„+Tom 1 p h i 
If there is more than one additional rotor circuit the 
operators G (p) and x,, ( p ) will be more complicated but 
may be found in the same way. The effects of external 
field resistance may be found by changing the term / 
in the field voltage equation to R /. Open circuited 
field corresponds to R equal to infinity. 

Similarly, there will be 

I; ~ fx,, —• x (/ (p)| i q (5) 

where, 

2 

|?«sin 0+i/,sin(0—l2O)+f,sin(0 f 120)1 (3a) 

x« (o) ” X,„ X,f ( 03 ) ™ x „. 

So far, 10 equations have been established relating 
the 15 quantities e„, e,„ e r , i,„ iu, i, L, i,t, i,„ 

Id, I,,, E, 0 in a general way. It follows that when 
any five of the quantities are known the remaining 1.0 
may be determined. Their determination is very 
much facilitated, however, by the introduction of 
certain auxiliary quantities e v , e», in, 

Thus, let 

= g" {ia + ib + (3b) 

2 

«d= g- (c„ cos 0 + e b cos (0 - 1.20) + e c cos (0 + 120)} 
2 

e« = —g*(e« sin Q-\-eu sin(0— 120)+e„ sin(0+120)I (6) 
1 

“ g | «a + C/, + e e \ 

2 j 

td~ g-{cos 0 + cos (0 - 120) + cos (J *+ 120)) 
2 

“ -*g f fa sin 0 +\pi, sin(0—120)+sin f^0+120)! (7) 
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fo-J { fa + fi 

then from Equation (1) there is 
6d =J^fcos 0 p *«+cos(0-12O) p f b +coa(6- +120) p 

— rid 

e a =--| {sin 0 p f a + Sin (0 - 120) p fb 

+ sin (0 + 120) pfd-r iq 

«0 = P fo — T *0 
but, 

o 

P fd = T {cos 0 p + cos (0 — 120) p fb 

O 

+ cos (0 + 120) p ^1 

--f- {sin 0 ^ o +sin(0—120) p ^+sin(0+12O) p f e ] P 0 
o 

= e d + r i d + f t P o 
2 

P fq = — {sin 0 p fa + sin (0 — 120) p ft 

+ sin (0 + 120) p f e } 

- |-{cos 0 <A, + cos (0 - 120) fb + cos (0 + 120) iMp 0 
* 3 


= e, + r i q - f d P 0 
hence there is 

e d = p f d — rid — f q p 0 (8) 

e 4 = p — r i 4 + ^<j p 0 (9) 

e 0 = pfo - r i 0 (10) 

Also it may be readily verified that 

= I*- x* id — G (p) E — x d (p) %d (11) 

f a = I t - x t i q = - x a (p) (12) 

fa= — Xq io (18) 


Equations (8) to (13) establish six relatively simple 
relations between the 11 quantities e a , e 9 , e 0 , id, i s , io, 
f d , f„ ^o, E, 0. In practise it is usually possible to 
determine five of these quantities directly from the termi¬ 
nal conditions, after which the remaining six may be 
calculated with relative simplicity, After the direct, 
quadrature, and zero quantities are known the phase 
quantities may be determined from the identical 
relations 

i a = id cos 0 — i g sin 0 + i 0 
ii = id cos (0 - 120) — i t sin (0 — 120) + io (14) 
id cos (0 + 120) — i„ sin (0 + 120) + io 

fa = V\cos 0 — ^ sin 0 + f a 

fi = fd cos (0 — 120) — f q sin (0 — 120) + fo (15) 
f e — fd ci® (0 + 120) — fq sin (0 + 120) + fo 
e a — 6d cos 0 — sin 0 + Co 


e b = e d cos (0 - 120) - e t sin (0 - 120) + e 0 (16) 

e c = e d cos (0 + 120) - t a sin (0 + 120) 4- e» 
Referring to Fig. 2, it may be seen that when there 
are no zero quantities, that is, when e o = = 2 *o ~ 

the phase quantities_may be regarded as the projection 
of vectors e, f, and i on axes lagging the direct axis by 


Axis of Phase b 



Fig. 2 

angles 0, 0 - 120 and 0 + 120, where taking the direct 
axis as the axis of reals, 

e = e d + j <iq 

f = fd + j fq 

i = i d + j iq 

If we introduce in addition the vector quantity, 

l = ld + ‘jlq 

the circuit equations previously obtained may be 



transferred into the corresponding vector forms, 
e = pf—ri + [p 9] jf 
f - I — xi 

where, m = x d i,i + j x q 
Fig. 3 shows these relations graphically. 

B. Armature Power Output 

The per-unit instantaneous power output from the 
armature is necessarily proportional to the sum 
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e a i a + e,, i b + e c i c . By consideration of any instant 
during normal operation at unity power factor it may 
be seen that the factor of proportionality must be 2/3. 
That is, 

P = per-unit instantaneous power output 
= 2/3 { e a i a + e& H + e c i e } 

Substituting from Equations (14) and (16) there 
results the useful relation, 

P — &did -f- e t i q Co to (17) 

C. Electrical Torque on Rotor 
It is possible to determine the electrical torque 
on the rotor directly from the general relation, 

{Total power output} = 

{mechanical power transferred across gap} 

4- {rate of decrease of total stored magnetic energy} 
— {total ohmic losses} (18) 

However, since this torque depends uniquely only 
on the magnitudes of the currents in every circuit of 
the machine, it follows that a general formula for torque 
may be derived by considering any special case in which 
arbitrary conditions are imposed as to the way in which 
these currents are changing as the rotor moves. 

The simplest conditions to impose are that I d , Iq, 
id, i t , and i 0 remain constant as the rotor moves. In 
this case there will be no change in the stored magnetic 
energy of the machine as the rotor moves, and the 
power output of the rotor will be just equal in magni¬ 
tude and opposite in sign to the rotor losses. It follows 
that under the special conditions assumed, Equation 
(18) becomes simply, 

{armature power output} = 

{mechanical power across gap} — {armature losses} 
2 T 

or, P = Tp 6 - -g- { i a * + i 6 s + i e *} 

= T p 6 — r { if + if + i 0 *} 

Then, 

T = per-unit instantaneous electrical torque 
_ eg id + iq + e 0 t 0 + r { i / + i 9 * + aV 8 } 

~ p 6 

but subject to the conditions imposed, 
e d = — taP Q~ rid 
e t — tdP 6 — ri g 
eo = — rio 

It therefore follows that, 

T = i q yp d - ia (19) 

= vector product of f and i 
= ^ X I (19a) 

a result which could have been established directly by 
physical reasoning. Formula (19) is employed by 
Dreyfus in his treatment of self-excited oscillations of 
synchronous machines. 14 


D. Constant Rotor Speed 
Suppose that the constant slip of the rotor is s. 

Then there is, 

eg = p tyd— rig— (1 — s) tq 
= p tq - r i g + (1 - s) rf/ d 
but, 'f d = G (p) E - x d (p) ig 

fq = -Xq (p) iq 

Putting p xg (p) + r = zg (p) 

P Xq (p) + r = Zq (p) 

there is 

e d = pG(p)E-z d (p) ig + (1 - s) x 9 (p) i q (20) 

e q = (1 - s) [G(p)E- x d (p) irfl - z q (p) i t (21) 

Solving gives, 

id = {[p Zq (p) + (1 - sy x t (p)] G (p) E — Zq ip) e d 

‘ - (1 - s) x q (p) e t } -i- D (p) (22) 

. _ (1 — s) r G (p) E — zg (p) eg + (1 - s) Xg (p) eg 

D (p) 


(23) 

where, D (p) = z d (p) t q ip) + (1 - s) 2 x d (p) x q (p) 

E. Two Machines Connected Together 
Suppose that two machines which we will designate 
respectively by the subscripts g and h, are connected 
together, but not to any other machines or circuits, 
and assume in addition that there are no zero quantities. 
In this case the voltages of each machine will be equal 


Axis Phase b 



Pig. 4 


phase for phase, and it therefore follows that the voltage 
vectors of each machine must coincide, as shown in 
Fig. 4. 

Referring to the figure it will be seen that the direct 
and quadrature components of voltage of the two 
machines are subject to the mutual relations, 


ehd Cgd cos 5 @oq sm 5 


Chq - Cg d sin 5 + e 0i cos S 

(24) 

Cg d — ehd cos 8 + Chq sin 8 


Cgq = - e M sin 8 + e h q cos 5 

(25) 
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On the other hand, for currents there will be 
i h i = — {i a d cos 8 — i aq sin 5} 
i ht = — \i B d sin 5 + i aq cos 5} (26) 

igd = — {4<j cos 5 + hg sin 5} 
igg = — {— hd sin 8 + i hq cos 5} (27) 

F. One Machine on an Infinite Bus 

In (E), if machine h lias zero impedance, it follows 
from (20) and (21) that e kd = 0, e kq = bus voltage 
say = e. 

Then for machine g there is, 

e d = e sin 8 

e q - e cos 8 (28) 

G. Torque Angle Relations 

From Equations (11), (12), and (19), there is. 


T = 


X q 


■Irf f g 
X d 


Xd-^Xg 
X d Xg 


\I'd to 


Then if the rotor leads the vector ^ by an angle 8 
there is 

^ sin § 
ipd = 4* cos 8 


„ I q t „ Id t sin 5 x d — x q 
T-—1MS + ——+ - 2 ^- V m:2S (29) 


A derivation of this formula for steady load con¬ 
ditions has been previously given by Doherty and 
Nickle. 9 

H. Three-Phase Short Circuit with Constant Rotor Speed 
Maintained 

Since a three-phase short circuit causes e d and e q 
to vanish suddenly, its effect with constant rotor speed 
maintained may be found by impressing e d = — e d o, 
«« = — e q0 in (22) and (23) where e d0 and e q0 are the 
values of e d and e q before the short circuit. The initial 
currents existing before the short circuit must be 
added to the currents found in this way in order to 
obtain the resultant current after the short circuit. 
Withs = 0 and E constant there is in detail, 

. g g (P) g do + Xg ( p) e q0 H x q E — r e d a — x q e q0 

U ~ D(p) ■ • 1 + TTxTxg 


. grf (p) e, 0 — Xd (p) Qm rJEj-_r_eg2_+_Xd edo 

9 D (p) ' r s + x d x q 

(30) 

The working out of the formulas may be illustrated 
by consideration of the simple case of a machine with 
no rotor circuits in addition to the field. In this case 
there is 


*4 tP) = Xg 


x d (p) = 


Xd_ To p 4* Xd 

Top + l 


/ xj To_P_± Xd 
\ Top + l' 


P + r 


(x q p + r) 


Xd_ To p + Xd 

+ T oP +1 * 9 

X d ' Xg To P* 

+ [x d 't To + (x d + r To) x g ] 

+ [r (x d + x q + r To) + */ x q To] p 
__ + r 2 + Xd Xg 
To p + 1 


d (p) 

~ ToP + 1 

By the expansion theorem there is, finally, 
XgE 


(31) 


id = 


r* + x d x q 

3 


+ 2 


r E 


(To Otn -|- 1) ((x q Ot n -|” T) e d o "I" Xg € q o) 6 n 
a n d' (a n ) 

3 


to = 


r s + x d 


7+2 


{Xd_ To <Xn 2 + (x d +r To) Pin (To ou x'd + Xd) grfl) 

«„ d' (a,) 

e-“ n< (32) 

where the summation is extended over the roots of 

d 

d (a) = 0 and d' (p) = d (p) 

The phase currents may, of course, be found from 



Equations (32) by the application of Equations (14). 
For the particular case 

To - 2,000, x d = 1.00, x q = 0.60, x d ' = 0.30 
the roots a u a 2 , a 3 of the equation d (p) - 0, were 
found to be as shown in Figs. 5,6, and 7, where 

“2 = Qa + a b 
olz = a a - a h 

It will be noted that, as would necessarily be the 


D(p) = 
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short circuit time constant of the machine, c„ for S « , f, and referring to Equation (28), 
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CXi ~ 


while for r = 00 


X,/ 1 

x/ To 


= - 0.001667 


1 

«i = - -jr = ~ 0.000500 



The root «„ is found to be almost exactly equal to 
the value which it would have were T« - », *. (>., 

r (*/ 4 a:,) . . . 

<x a - — 7r~TZ -approximately 



Thus, in the special case considered this approximate 
formula gives 

(0.30 + .0.60) r 

“*“ 2 X 0.30 X 0.60 ~ 2 * 60 r 

which checks the result found by the exact solution 
of the cubic. 

I. Starting Torque 

On infinite bus and with slip s, there will be, choosing 


e.i = cos s / 
e„ - sin s t 

If we now introduce a system of vectors rotating 
at s per-unit angular velocity there is 

ed, - 1.0 
c« = j 

V = j s (33) 

Then from (22) and (23), 
id ~ { j s x v (j s) 4 r - j (1 - s) x„ (j s ) ( -*• 

{ {') s x,t (j s) 4 r] l j s x„ O' s) -f r] 

+ (1 ~ s)~ x, t O' s) x„ 0 s) } 

_ _ 3 (1 ~ 2 s) x „ Q s) - r _ 

r--f-(1—2 s) x/0 s) a;,/0 s)4/ s rlx/ij s)+x,/(j s)J 

“ { j x “ 0 s ) - iZ~2s } + 1 *< O'*) *. 0S) 


+ 1- 2s fr + j s ( Xd 0 8) + 0 S) > 1 1 (34) 


. o 8 x * 0 8) 4 r| (- j) - (1 - S) Q s) 
r 2 + (1-2 s) 0 s)x„ 0 s) +j s r[x,/ (j s) +x„ 

f , • r ,7 r ] 

j X rf 0 s) 4 jigs | 0 8) 0 8) 


r ) 

+ l~Ts [r + 3 s to* o «) 4 X„ (j s) ) ] j (35) 

The expressions for average power and torque then 
become, 

Pitv — 1/2 [e, f . id 4 e v , i q ] 

/«» — 1/2 [i v . \j/,i — . if> v ] 

where the dot indicates the scalar product, or 
Pan == 1/2 [1. u ~ j . /,] 

“ 1/2 [Real of id - Imaginary of i„] (36) 

There is in general, 

Crf 4 r id = p i>d — (1 — 8) \p v 
e « 4 r i„ = (1 - s) -f p \f/g 


id 


<>d 4 r iq - 

(1-s) 

4 r 

V 

P 

(1- 8) 

(1-s) 

P 


V ( e 'i 4 r i<t) 4 (1 — s) (e„ + r i 0 ) 

p 2 4 (1 — s) 2 (37 > 


p (Cg 4 r t„) — (1 — s) (e ri 4 r iq) 

p 2 4 (1 - s) 2 (38 > 
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j s(e d + r i d ) + (1 - s) (e q + r i Q ) 

rrr s 

j s (e q + r i„) - (1 - s) (e a + r i d ) 

= ~ 1 - 2 . 

with e d = 1.0, e t = — j 

j_s +jj_rid + (1- s) (-j) + (1- syrjt 
1- 2s 

- (1 - 2s) j + r [j s u + (1 - s) Q 
1-2 s 


r 

- - J + jzy s L? s U + (1 - S) y 

3 s (-j + r i t ) - (1 - s) -=• r (1 - s) i d 
*• - 


- (1 - 2 s) + r Q s i t - (1 - s) i d ] 
1 — 2 s 

- 1 + 1 _ r 2s 0 s it - (1 - S) 


(40) 


Thus, 


1/2 


r 

it • (~ j) + i, • fry s O' s id + (1 - S) i 9 ) 


— Pm 4 


r 

id • (“• 1) id • 1— 2 s ^ ® ®) id) 

(1 — s) (i fl 2 + i< 


i 




iq + id 2 


rs 


Pm + r 2 4- 2(1—2 s) 0« + 3 id)* (41) 

Mr. Ralph Hammar, who has been engaged in the 
application of the general method of calculation out¬ 
lined above, to the predetermination of the starting 
torque of practical synchronous motors, has suggested 
an interesting modification of formulas (36) and (41), 
based upon the fact that, since the total m. m. f. con¬ 
sists of direct and quadrature components pulsating at 
slip frequency, it may be resolved into two components, 
one moving forward at a per-unit speed 1 - s + s = 1.0, 
and the other moving backward at a per-unit speed 
1—s-s = 1—2s. Thus from this standpoint half 
of both the direct and quadrature components will move 
forward, and half backward. Since the quadrature 
axis is ahead of the direct it follows that as far as con¬ 
cerns the forward component the quadrature current i t 
is equivalent to a d-c. j i t , while as regards backward 
component it is equivalent to a direct component 


— ji q . It follows that the vector amounts of forward 
and backward m. m. f. or current are 

1 

forward current -i/ - ~o ( td + 3 l t) 

backward current = it, = «■>* (id — 3 it) (42) 
If we define by analogy, 

forward voltage = ^ (e d + j e t) 


(39) 


backward’voltage = g- (e d — j e t) 


(43) 


There is. 


1 - 2r . 

it = \ 2s +3 [Xd (j s)+x t (3 s)] -s- 


Xd O's) x 9 (j s) + j —(r +3 s [x d (js) 

+ Xq 0 «)]) 


it - { 3 [Xq (j S) - x d O’ •)] J 


x d 0 s) x a 0 s) 


2(1-2 s) , 0 . . . 

>—h 2 siq.3i d 

r r s p« 2 i^ 1 

Pm+ 2 (»,* + td 2 ) + 2(1- 2s) I . . I 

' L+ 2iq .3 id-l 


+ fi/ 2s ( r +i s to 0 s ) + ** Os)]> 

6 / = 1.0 
e b = 0 

Pm = e s .if = real of i s 


Tav — Pot + V J / 2 + 


1-2 


>\2 


. *!>' 


(44) 

(45) 

(46) 

(47) 


J. Zero Armature Resistance, One Machine Connected 
to an Infinite Bus 

Assume that a machine of negligible armature 
resistance is operating from an infinite bus of per-unit 
voltage e, at synchronous speed, with a steady excita¬ 
tion voltage E 0 , and displacement angle 5 0 . At the 
instant t = 0, let 5 and E change. 

There is, 


i d - 


Ep — XpdO 1 


Xd Xd (p) 
'Ptt - 1 


A *4 + 


G(p) 
x d (p) 


A E 


*t .^(p)** 9 

td = e cos 5 
■tt = — c sin 5 

Prom which there is, by obvious re-arrangement, 
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_ E — e cos 6 x d — xt (p) 

U ~ ~' +e "x,x t (p) <«■*•-«»*> 

_ (p) - G (p) Xj 

x d x d (p) AE 

esinS x„-x t (p) 

* 4_ X/> + «“*,,,(p) (sin5 — sin5 0 ) (48) 


, x d — x/ „ , r 

+ e x d X d 2 adn € ~ in J * ai, ‘ U ^ («) d tt 

~ "xT 2 6 * A E '- (») d « (48a) 


c sin 5 


Then, 


m g e sin s , x d -x q .... 

T ‘ X, +-2ZH7 em ‘ 2S 

+ e,msS \ x *' ( pf ( ™ s - sin s *> (»> 

, „ . - x d — x d (p) 

+ * Bai - z.*,< t ) ("»«.-«»*) 

. «. X d (p) — x d G ( p) 

- esm 5 -—-— . a E 

x d x d (p) “ 

But quantities a«j„, a 9n , a dn , <x qn , b n , p n may be found 
such that 


Xg — x, (p) _ x 9 - x/ 

X, (p) ' ~ x 4 " 


2 a *» 


Xrf ~ s<i (p) . _ Xd — x/ 
Xd (P) * ~ X d " 


2 a ®« e- “® n< 


Xd (p) - Xd G (p) 
Xd (p) 


/p _ Q y X 

+ e ~ Xq x j 2 a « B *~ a * n ‘ J e “ a ”“ cos 5 («) 5 ' c«) 

a, .... E e sin 5 . e M*d- *,) . _ 

T - x„ + _ 2*,*, 811125 

Xd — X d " 

+e "~XdX rf " sin 5 2° dn €_<W J 8511 $(«) $'(«) du 

+e2 ~W C0s3 2 ®«» J cos 8(u) 8'(u) du 

e sin 5 a / 

“ ^ 2 6,1 e J A («) d u (49a) 

Formula (49a) may -be used to determine starting 
torque and current with zero armature resistance, by 
introducing 8 (t) = s f, 8' (t) = s. Thus the average 
component of torque is found to be, 

_ _1 Xd - x/ a dn s 

± M ~ -* 


• 1 - 2 in ^ nt 


2 Xi Xd 


1_ Xg - Xg y V} 
*" 2 *.*/ 


S 

a<i» 2 + s 2 


Xj" — Xg («>) 

x/ = Xd ( w ) 

2 o dn = 1.0 

2 fljn = 1.0 

2 6„ = 1.0 

It therefore follows from the operational rule that, 

. . t 

J (p) F (t) - F ( 0 ) 4> (0 +^f 0 (t - u) F' (u) d u (51) 
where, 

<t>(t) =/(p). 1 

that if 

8=8 (0 
p 5 = 5' (<) 

AS = A E (t) 
p AE = AS' (t) 

Equations (48) and (49) may be rewritten in the form, 
E — e cos 8 


Oiqr? + S 2 


Since 


«» . 

a 2 +S 2 1S “ever greater than and 


2 ©d n — 2 dg n = 1.0 

it follows that T av is never greater than 

i 1 ■**- £/ s 9 - x/ ) 

4 [ XdXd" + x a Xg" J ( 53 ) 

Equation (53) thus provides a very simple criterion 
of the maximum possible starting torque of a syn¬ 
chronous motor of given dimensions, when armature 
resistance is neglected. 

The same formula may also be used to obtain 
a simple expression for the damping and synchronizing 
components of pulsating torque due to a given small 
angular pulsation of the rotor. 

Thus if the angular pulsation is 

A 8 = [A 5] sin (s t) 

and if the pulsation of torque is expressed in the form 
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AT = T. AS + Td A 5 


there results, 




a dn s 2 


(a dn ) 2 + s 2 


+ e 2 cos 2 So 


Xq Xq 

X 0 X 0 " 


cus 2 


$Td = e* sin 2 So 


(Offlx) 2 + S 2 
71 Urf* S Q!dn 


Xd — X d 


XdXd 1 ' ^(a*,) 2 + s 2 


+ e 2 cos 2 So 


a;, — %<, 
x„x a " 


Clqn S_££qn 
(a,n) 2 + S 2 


+ — — & cos 5 ^ 

X„ Xa ^ 


An? V_ 
p + a B9 


sin 5 


Therefore in the case under consideration there is 
for machine a, 


T a = [ 


e_h 

Xda 


+ e‘ 


{X da %qa) 
%da Xqa 


J S 0 


(54) 


+ 


v qa 


- X a 


Xng Xq 




v 


V “I” OC n qa 


(55) 


where: e = per-unit bus voltage 

l a = per-unit excitation of machine a, etc. 
This equation can be represented by Fig. 8, in which 
the charge through the circuit represents (5„) and the 


where, 


m eliocos So . e 2 (x d - x„) 

T.o =- z -+- Z -cos 2 So 


Xd 


X d *Cg 


S 0 = average angular displacement, i. e., total 
angle = S = So + A 5. 

It can be shown that for the case of no additional 
rotor circuits, Equations (54) are exactly equivalent to 
Equations (24) and (25) in Doherty and Nickle’s paper; 
Synchronous Machines 111. The new formulas herein 
developed are, however, very much simpler in form, 
especially since in the case which Doherty and Nickle 
have treated, there is only one term in the summation; 
that is ,n = 1, and ce is merely the reciprocal of the short 
circuit time constant of the machine, expressed in 
radians. 

K. The Equivalent Circuit of Synchronous Machines 
Operating in Parallel at No Load, Neglecting the 
Effect of Armature Resistance 

Let, So = angle of rotor a and bus 
do = angle of rotor a in space 

In general, the shaft torque of a machine depends 
on its acceleration and speed in space, and the magni¬ 
tude and rate of change of the bus voltage as a vector. 
If all of the machines are operating at no load and if 
there is no armature resistance, a small displacement 
of any one machine will change the magnitude of the 
bus voltage only by a second order quantity; conse¬ 
quently for small displacements the magnitude of the 
bus voltage may be regarded as fixed, and only the 
angle of the bus and rotor need be considered. Further¬ 
more, the electrical torque may be found in terms 
of (5) by employing an infinite bus formula. But 
Equation (49a) implies the alternative general opera¬ 
tional form, 


T = 


e ho sin 8 
Xd 


+ 


e? (a; d - xf) sin 2 8 
2 x d x„ 


Xd — Xd* 
XdXi 



OndV 
V + OL nd 


. cos 8 (49b) 


“If 


Ria R» Ri» 



Fig. 8 


voltage across the circuit represents the electrical 
torque of the machine (T a ). 

The capacitances and resistances must be chosen 
so that 


C 


0 a 


_ X da %ga _ 

el a x qa + e 2 {Xda - X qa ) 


(56) 


C na = 


e 2 d n qa (Xqa “ Xqa"') 


The equation for the mechanical torque is 

T, a = T a + MaPSa 

where: 

M a = inertia factor of machine a in radians 
__ 2 X stored meeh. energy at normal speed 
~ base power 


(57) 


base kw. 

s a - per-unit speed of machine a 

t = time in seconds ^ p = -Jy- ^ 

But, s a - v Oa 

Thus there is 

T,a = Ta + M a & da (57a) 

which corresponds to the equivalent circuit of Fig. 9, 
in which change = 6 a 

L a « M a 

The machine operating on an infinite bus can be 
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represented by the equivalent circuit of Fig. 10, sinee 
the condition 

6 a - S„ = 0 

is fulfilled. 

J Several machines in parallel on the same bus may be 



represented by the diagram of Fig. 11, since the con¬ 
ditions 

6 tt — d a = dh — 8b «= . . .(- bus angle in space) 
T a + Ti, + T e , etc. - bus power output = 0 
A transmission line may be represented by a 
condenser. 

Thus two machines connected by a line of reactance 
(*) would be represented by the circuit of Fig. 12, where 

C - “T ' (58) 

Shaft torques are, of course, represented by voltages. 



Mechanical damping, such as that due to a fan on a 
motor shaft or that due to the prime mover, is repre¬ 
sented by resistance in series with the inductance (L) 
as in Fig. 13. (22) must be chosen equal to the rate 

of decrease in available driving torque with increase 
in speed. 

Governors and other prime mover characteristics 
may also be represented by connecting their circuits 


in the inductive branch of the circuit. Thus a gover¬ 
nor which acts through a single time constant may be 
represented by the circuit of Fig. 14, where 


R la Rn, 




i—twito—■ i—Tnmmn- - 

La Pa Lb pb 


Fia. 11 



Fia. 12 



T 


sa 


I_ 

Fia. 13 



R, 


1 

regulation 


_ time constant of governor in elec, radians 

C. =--(59) 
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An induction motor is represented by the simple circuit 
of Fig. 15 and is precisely the circuit of a synchronous 
machine with only one time constant and Co = 00 on 
account of 7 = 0. 

Results similar to these have been previously shown 
by Arnold, Nickle, 10 and others, but simpler and more 
approximate circuits were used, the branches of the 
several circuits were not directly evaluated in terms of 
machine constants, and the derivation was incomplete 
in that the limitation to no load and zero resistance was 
not appreciated. 

L. Torque Angle Relations of a Synchronous Machine 
Connected to an Infinite Bus, for Small Angular 
Deviations from an Average Operating Angle 

There is, in general, 

T = To + A T = (fi/do + A f/f) (iqo + A if) 

— (idO + A id) HqO + A 1 f/q) 

For small angular deviations, 

A T = i q o A ipd + ido A i t — ido Af/ q — i t o A i d 
= [ido + ido X, (p) } A iq - {+ i„o x d ( p )} A i d (60) 



e,jo+A e d =p A id— r(£do+A if)— (^ 98 +A ^ 9 )(l+p A S) 
e g o+A e 9 =p A f/q— r(i e o+A iq) + (ido +A ^d)(l+P A 5) 
A e<* = p A id — r A id — f/qo p A 8 — A f/q 
A e q = p A f/q - r A i t + f/ d o p A 8 + A f/ d 
from which there is 

z d (p) A id - Xq (p) A iq - - A e d - i t o P A 8 
z q (p) A iq + x d (p) A id = - A e t + ido p A 8 
A id = 

Xq (p)( A fid f/qo p A 8) + Xq (p )(— A e q -f- f/do p A 8) 

D(p) 


Aiq = 

z,j (p) (— A fi 9 + fuo P A 8) — Xd (p) (— A e^ — jqo P A S) 

D (p) 

where, 

D (p)' = z d (p) (p) + x d (p) Xqfp) 

but from Equations (28), 

edo + A e d = e sin (S 0 + A 8) 
e 9 o + A e 9 = e cos (S 0 + A 8) 

A e d = e cos S 0 A 5 

A e 9 = — fi sin 5c A 8 (62) 

A id = 

- (e cos S 0 + f'qo p) z v (p) + (e sin 8 0 + i^do p) * 9 (p) . „ 

-Fw - AJ 


A % 0 = 


(e sin S 0 + ^do p) Zj. (p) + (e cos S n + P) Sd (p) 


[4>d0-\-idaXq (p)] j 


D (p) 


( (c sin 5 0 + ido p) z d (p) 


A 8 


AT — 


1 +(e cos So + V'ao p) Xd (p) 


f (fi cos So + iqo p) (p) 

+ [V'fl0+*«0*d (P)] j 

1 - (e sin So + f/ d o p) x t (p) 


7) (p) 


(63) 


(64) 


AS 


say, 


A T = / (p). A S 

From (57a) the equation for shaft torque becomes 
AT, = (M p s + / (p)). A S 

Thus, 

H7p 2 +/(p) ’ A T * (65> 


AS = 


Appendix 

Formula for Linkages and Voltage in Field Circuit with 
no Additional Rotor Circuits 

In this case the per-unit field linkages will depend 
linearly on the armature and field currents. That is, 
in general, 

■$ = a I — b i d 

Then if normal linkages are defined as those existing 
at no load therfe must be a = 1.0. 

The quantity b may be found by suddenly impressing 
terminal linkages id with no initial currents in the 
machines and £7 = 0. 

By definition there is, initially 

id 


( 61 ) 
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but also there must be from the definition of x/ 

I ~ 4/ d 


hence there must be ah initial induced field current of 
amount 

'-"(‘--S') 

But, initially the field linkages are zero, thus 



hence b = x d — x d ' 

Similarly, there will be 

E = per-unit field voltage 
= cp’J’ + d I 

Normal field voltage will be here defined as those 
existing at no load and normal voltage. This requires 
that d, = 1. The quantity c may then be recognized 
as the time constant of the field in radians when the 
armature is open circuited, since with the field shorted 
under these conditions there is 

(Top + 1)1 - 0 
cpV + I =0 
4/ = I 

c = To = time constant of field with armature 
open circuited. 
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Discussion 

H. C. Specht: I should think Mr. Park’s theory could be 
applied just as well to the so-called synchronous induction 
motor, that is an induction motor in which the rotor teeth 
between the poles are cut out for a distance of about one-third 
of the pole pitch. Sueh a motor runs at synchronous speed. 
However, the pull-out torque is much less than that of an induc¬ 
tion motor with the full number of teeth. 

C. MacMillans There was one statement in the first page 
of Mr. Park’s paper to the effect that “Idealization is resorted 
to, to the extent that saturation and hysteresis in every magnetic 
circuit and eddy currents in the armature iron are neglected. .. ”. 
And with regard to Fig. 5, Mr. Park remarked that it represented 
a rigorous solution. Perhaps Mr. Park could give us a little more 
insight into the effect of taking into account saturation, and give 
other cases in which certain elements have been neglected with 
more or less effect upon the final results. 

W. J. Lyons In a paper of this description, certain premises 
should be chosen and, with these always in mind, the mathe¬ 
matical development should be rigorous. The paper may then 
be criticized either because of insufficient premises or because 
of incorrect mathematical development. I believe that the 
former is the kinder method; it is the one I shall employ. 

The premises that Mr. Park chooses are that the field and 
armature windings are symmetrical, that saturation and hystere¬ 
sis are neglected and that the armature windin g s are in effect 
sinusoidally distributed. I take this last to mqan that the air- 
gap flux due to the armature currents is sinusoidally distributed, 
for if the armature windings themselves were sinusoidally distrib¬ 
uted, there would be produced space harmonics in the air-gap 
flux distribution due to the saliency of the poles, which, as we all 
know, would complicate the problem tremendously. In order 
that the mathematical method used by Mr. Park shall be rigor¬ 
ous, I believe it is necessary to make one further assumption. 
I think I can best explain this by asking you to consider the 
result of supplying the field winding with a sinusoidal current 
while the armature rotates at some speed which may be called 
synchronous. Under these conditions, there will first be pro¬ 
duced in the armature windings two sets of balanced currents 
each of which will produce 3 component flux distributions in the 
gap. The first of these is what would be produced if the air- 
gap were uniform, and is ‘proportional to 1/2 {xa + x q — x a ), 
where x a equals the armature leakage reactance. The second 
of these components is proportional to 1/2 (xa — x q ). The 
third component is of the same size as the second. Using the 
values that Mr. Park gives under Section H of his paper, the 
relative magnitudes of these components would be (0.8 — x a ) 
and 0.2. The first and second components react on the field, 
and produce in it a current of the impressed field frequency. 
These are the components that Mr. Park has recognized, but the 
third component produces an entirely different frequency in the 
field, which will then be reflected into the armature and the 
process will be repeated. That is, in this respect, it is similar 
to the condition that exists in a single-phase alternator. As far 
as I am aware, the Heaviside operational method cannot be used 
to obtain a rigorous solution for the single-phase alternator. 
In spite of this, I think the objection that I have raised is of no 
more importance than the effect of neglecting saturation or 
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hysteresis or the space harmonics in the air-gap flux that are 
actually produced, but I do think that Mr. Park should have 
mentioned this point in order that the mathematical work which 
he builds up should be rigorous. I discovered the necessity of 
this additional premise about a year ago while working on the 
problem of the transient short-circuit currents in a salient-pole 
alternator. 

There is another problem of considerable interest that Mr. 
Park has not mentioned. About two years ago I became aware 
that Mr. Fortescue’s historic 1918 paper could be extended to 
the transient case by using an operational method. That is 
to say, any of the problems involving unbalanced circuits that 
Mr. Fortescue rigorously solved in the steady state can also be 
solved in the transient state by an operational method. 



Fig, 1 —Electrical Torque of A H I 

Solid Line—Calculated 
Dotted Line—Experimental 

Note: Tile six points plotted above were taken experimentally at a 
temperature of 25 deg. cent. 

The balance of the dotted curve was taken at varying higher temperatures 
The solid curve was calculated for a temperature of 25 deg. cent., and the 
points in squares for 100 deg. cent. 


W. B. Heinz: (communicated after adjournment) Since the 
completion of Mr. Park’s paper as presented, experimental work 
has been done which illustrates the worth of the new theory 
developed. 

A small synchronous motor rated 15 hp., 220 volts, 1800 rev. 
per min. was selected for study. Its squirrel-cage winding was 
removed in order to simplify the mechanical work of calculation. 

This motor was set up with an electric dynamometer, and its 
torque-slip curve was taken at 110 volts over the entire range of 
slip from 100 per cent to zero. Power was supplied to it by a 
special 220-volt sine-wave generator of 375-kv-a. capacity. The 
constants of this machine as well as of the connecting line and 
switches were determined, and these constants were included in 
the calculation of torque in order to simulate as closely as possible 
infinite-bus conditions. 


The torque as indicated by the dynamometer was corrected for 
windage and friction and for dynamometer errors, the net elec¬ 
trical torque exerted on the rotor thus being obtained 


By the use of measured constants of the test machine and 
circuit, a mathematical evaluation of torque was made foi 
temperature of 25 deg. cent. These constants as determine 
on a per unit base of 24.75 kv-a. at 220 volts, are as follows: 


Xd -■ 1.0 

xe! - 0.178 
x q ~ 0.442 
x q '. - 0.442 
r = 0.0325 
To = 159 radians 
Normal torque = 96.8 lb-ft. 

The calculated curve appears as a solid line in Fig. 1 herewith and 
near it is the dotted curve obtained experimentally. 

During the progress of the test run with the dynamometer no 
control or regular measurement of the synchronous motor 
temperature was made. It fluctuated widely with changes in 
slip, and the only points taken at a known temperature are the 
ones near the beginning of the run. For the first six, those 
surrounded by circles, the temperature probably had not risen 
far from ambient of 25 deg. cent. They check quite closely the 
calculated curve. 

In order to evaluate the effect of temperature change eight 
points were calculated on the basis of 100 deg. cent. These are 
shown within squares. They show a better coincidence of slips 
at which maximums occur, but little improvement in the maxi¬ 
mum error. Previous theories have usually neglected t he effect 
of salient poles. The solid line in Fig. 2 shows the calculated 
curve in this case, # that is, for x q — x f i- A comparison of the 
solid curves in Figs. 1 and 2 shows the large differences between 
the two calculations. ' 

!• H* Summers: (communicated after adjournment) Ono 
outstanding feature of this paper is that the equations are 
expressed in “per-unit” quantities. This feature presents the 
important advantage that the quantities involved are those 
which are known directly from test or from the design of the 
machine. Furthermore, machines are more readily compared 
with others of different rating when their constants are known in 
“per-unit” values. 
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* --- xuun. lauuuar at iirst signs 

to those who are more used to dealing in the physical quantities 
such as ohms, amperes, volts, henrys, and farads. It, therefore 
seems appropriate to point hut the correlation between this new 
method and the more usual one. Consider, for example, Equa- 

followi^ m ^ PaP6r ’ tpeetll6r the two immediately 

Ordinarily we should have written for a machine with no rotor 
circuits in addition to the field, 

(R f + L s p) If - Mp [j a cos 9 + j b cos (i 9 - 120°) 

+ jo cos (0 + 120°)] = Ej (I) 

In this equation 5/is field resistance, L, is field inductance, M 

Z *the U W^ 0t T 86 b6 . tween field and an y on® armature phase 
m the position of maximum mutual inductance, j a ,j b , and j 0 
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ar<* armature phase? currents, and E/ is field voltage. All these 
quantities are in practical units. 

Let 


J't ~ J U<* ««* 0 + j u cos (0 ~~ 120°) + cos (0 + 120°)] (2) 

Divide through hy / n lij where l n is that value of Held current 
that causes normal voltage to be generated in the armature at 
no loud. 


Ej 

7 _ ™ , 

where 

Let 


(i * 7 » fJ \ L/ it/ p 

U h / • /') -- ~■ u 

* H 


a /«!/ In Lf 

r» = L//«/ 

Kf'ln R{ ~ E | 
h'In - / [ 

jit/in = tit J 
Where is normal armature current, maximum value. Then 


This equation may he put into the form: 
E To j) 'V **f* / 


♦ 


/ _ / j£ \ . ) 

\ 2 L,u) U f 


(3) 

(4) 

(3) 


( 6 ) 


(?) 


These results may he compared with those immediately follow¬ 
ing (4a) in the paper. It is easy to show hy methods similar to 
those used hy Mr. Park that 


Mi 


2 L; In 


- ~ x* 


x<i* 


(«) 


where .t’,i and uV are the per-unit direct axis synchronous and 
transient reactance respectively. Then the equations are the 
same as those given hy the author. 

Without this last relation wo should doubtless have written 
the equations as in (7) or even as in (1). But both of these con¬ 
tain cumbersome quantities involving mutual and self induc¬ 
tances. The expression used hy Mr. Park is simpler and more 
expressive and contains quantities which are familiar to most 
engineers who have t o do with synchronous machines. 

Throughout this paper, although the problem is inherently 
complex and some of the demonstrations appear long, tho results 
are relatively simple and in terms adapted for immediate use. 

II. H. Parki Mr. Hpecht is entirely correct in his thought 
t hat t he present theory could he applied to synchronous induction 
motors such as those to which he refers. In principle this type 
of motor is not greatly different from a salient-pole synchronous 
motor with an amortisseur winding. 

In reply to Mr. MacMillan's question, I would point out that 
it is always necessary to make some assumptions; in fact, oven 
in the simplest problems there invariably exists an enormous 
number of assumptions most of which are not recognized as such. 
Therefore a rigorous solution invariably moans only “rigorous 
on the basis of the assumptions." The solutions presented in the 
paper are rigorously correct in this sense. 

Professor Lyon has criticized tho assumptions made in tho 
paper. This is due to a very definite misconception as to their 
character. Thus, referring to t he assumption "that tho armature 
windings are in effect sinusoidally distributed,” Professor Lyon 
states that it is necessary to interpret, the statement to mean 
something other than it says. 1 believe, however, that this is 
not necessary. Thus he states that were the armature windings 
themselves sinusoidally distributed, there would he produced 
space harmonics in the air-gap flux distribution duo to the 
salioney of the poles, which "would complicate the problem 
tremendously. 0 The reason that it does not complicate the 
problem is that with a sinusoidal distribution of turns only space 
fundamental flux produces any armature flux linkages. 


This follows from the fact that 
/S 2v 

I cos n 9 cos m 9 d 0 * I cos n. 0 sin m 0 do « 0 

o tf 

if n and m are integers and n — m. 

Although this answers Professor Lyon's objection the impres¬ 
sion should not bo derived that the thoory developed strictly 
presupposes an exactly sinusoidally distributed winding. The 
full statement ot t he assumption referred to is that tho armature 
windings are in effect sinusoidally distributed “as far as concerns 
effects depending on rotor position.” Interpreted in terms of 
self and mutual inductive coefficients this statement is exactly 
equivalent to the t wo assumptions, 

(a) that the self inductance of the armature circuits is expres¬ 
sible by an equat ion of the form, 

L ^ Ln + L-j cos 2 9 

(b) that the mutual inductance between the armature and 
any rotor circuit is expressible by an equation of the form, 

M * i\f , eos 9 

The assumptions which have been made in previous studies, 
such as those which Mr. Ku in his paper "Transient Analysis of 
A-O. Machinery” has referred to as "exact,” have been precisely 
the same except that the second harmonic term in the armature 
self inductance equation has not been considered, while amortis¬ 
seur and ot her circuits in addition to tin* field have been neglected. 

Actually the expressions for both armature and rotor self 
inductance will involve all of the even harmonics of angular 
position, and the expression for armature mutual inductance will 
involve all of the odd harmonics of angular position. However, 
tests on actual machines have shown that in most cases only the 
zero and second harmonics of armature self inductance, the first 
harmonic of mutual inductance, and the zero harmonic of rotor 
circuit self inductance are of primary importance. About 
the only case in which a consideration of any other harmonics 
would bo of value appears to be in tho study of locking torques. 
Wit h proper design, however, the tendency to lock at; other than 
half speed is slight.. 

Professor Lyon is, in my opinion, also in error when he en¬ 
deavors to point out the inadequacy of tho theory hy means of an 
example in which alternating current is supplied to a rotating 
Hold in a salient-pole machine. In this connection ho merely 
makes certain dogmatic statements without proof, which would 
not agree with tho writer's findings. However, such mere state¬ 
ments or opinions do not constitute a proof, ami the writer con¬ 
tinues to disagree with them. 

As I understand the example given, it corresponds to tho 
application of alternating current to a synchronous machine 
lield winding with a three-phase short circuit across tho armature 
terminals. 

From Equations (II) and (22) of tho paper there is in this case 

<x,i~xAp)> T „ , „ 

Ffpj - y ,{ - v)JS 

~ total per unit rotor excitation. 

Evidently this is of tho same frequency as that of the Hold voltage 
E. That is, there are no harmonics, Mr. C. A. Nickle has sub¬ 
mitted a physical interpretation of this result. Thus he states 

"Let I cos i be impressed on the field which is running at a 
speed 8 expressed as a fraction of synchronous speed for tho 
frequency of the current impressed on the field winding. The 
current 1 cos i produces a space fundamental flux / cos i in the 
direct axis and space harmonics alternating in time. But sinco 
tho armature winding is assumed to have sine distribution, these 
harmonic fluxes can induce no voltage and may be neglected. 
The fundamental flux, / cos t 9 may be resolved into two rotating 
components I /2 rotating forward at normal speed with reference 
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to the pole structure and 1/2 rotating backward at the same 
speed. The first component rotates forward with respect to the 
armature at a speed 1 + 5 and since the armature is short 
circuited polyphase, a positive phase sequence current of fre¬ 
quency 1+5 will flow in the armature winding. Similarly 
a negative phase sequence current of frequency 1—5 will flow 
in the armature winding due to the backward rotating component 
of field flux. The polyphase current i 1+s will produce a rotating 
m. m.f. also i I+s and this m. m. f. rotates forward relative to the 
pole structure at normal speed. Two fluxes are produced due to 
dissymmetry of the direct and quadrature axes. These are 

-^ (*/+*«') . 

rotating forward with resp’ect to the poles at normal speed or 
1+5 with respect to the armature, and 

++ (*/ - V) 

rotating backward with respect to the poles at normal speed or 
at 1 — 5 backward with respect to the armature. The first will 


induce an armature voltage of frequency 1+5, and the second 
a voltage of frequency 1 — 5. 

The armature current of frequency zi- s produces an m. in. t*. 
ii . s rotating backward with respect to the poles at normal speed 
and produces two rotating fluxes. One, 

— 2 ~ s ■ (*/+*«') 

rotates backward with respect to the armature at a speed 1—5 
and 

++ M - V) 

rotates forward with respect to the armature at a speed 1 + 5. 
Thus, this current also produces armature voltages of frequencies 
1+5 and 1—5. Therefore, no frequencies other than (1 +5) 
and (1 — 5) need be assumed, in the armature winding and there¬ 
fore, these are the only frequencies that exist there. Moreover, 
this implies that only fundamental frequency can exist in the 
rotor.” 
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Synopsis—This paper presents a brief outline of the development 
and application of magnetic analysis for the nondestructive testing 
of iron and steel and their products . The subject is treated under 


the • following headings: Historical development , Experimented 
results , Practical commercial applications , and Conclusion . 

* * * * * 


Introduction 

T HE use of electrical methods for the measurement 
of non-electrical quantities, such as temperature, 
displacement, time, etc., is quite common. In 
the majority of such applications, these methods provide 
the most convenient and accurate means for making the 
desired determinations. The time is approaching, if 
indeed it has not already arrived, when magnetic 
analysis should be included in the list. The term 
“magnetic analysis” has been adopted to distinguish 
magnetic tests made with a view to their interpretation 
in terms of structure, mechanical characteristics, or 
soundness of ferrous materials from those made solely 
for the purpose of determining magnetic properties as 
such. The term connotes, therefore, not only the 
process of testing but also the analysis of the results 
from the point of view of mechanical characteristics. 
Although the development of such magnetic testing 
methods has not by any means reached a satisfactory 
state of perfection, their practicability has been dem¬ 
onstrated sufficiently well at least in a few cases to 
warrant the expectation that they will ultimately have 
a much wider application and thus meet the need which 
is becoming more and more urgent for a reliable non¬ 
destructive testing method. 

That there is a close connection between the magnetic 
properties of ferrous materials and their other physical 
properties has long been recognized, and many investi¬ 
gations have been made for the purpose of discovering 
the nature of the connection. It is only in recent 
years, however, that investigations along this line 
have been undertaken with the definite object in view 
of developing practical magnetic testing methods for 
routine inspections and for the study of the phenomena 
associated with the thermal and mechanical treatment 
of steel. 

It is the purpose of the present paper to trace briefly 
the development of magnetic analysis, to indicate its 
present status, and to suggest lines along which further 
investigation might profitably be directed. 

•Chief, Magnetic Section, U. S. Bureau of Standards, Wash¬ 
ington, D. C. 

Publication approved by Director of U. S. Bureau of Standards. 
fPart of symposium on Electrical Measurements of Non- 
Electrical Quantities. 

For numerical references see Bibliography. 

Presented at the Winter Convention of the A. I. E. E., New York, 
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Historical Development 

Pioneers in the development of magnetic analysis 
were Burrows and Fahy, who, in the latter part of 1911, 
. undertook at the Bureau of Standards under the joint 
sponsorship of the Bureau and the Pennsylvania 
Railroad, an investigation on spring steel. This in¬ 
vestigation was continued over a period of about five 
years, during which time its scope was somewhat 
extended to cover preliminary experiments on the 
applicability of magnetic analysis to various forms of 
steel products. Three papers 1 ■ 8 • 8 were published giving 
the results of this investigation. Burrows also pub¬ 
lished a paper 6 in which the experimental evidence 
on the relationship between magnetic and mechanical 
properties recorded prior to 1916 was summarized. 
From the evidence presented he concluded that there 
was every reason to believe that the two sets of proper¬ 
ties are intimately connected and that practical re¬ 
search and inspection methods could be developed. 
During this same period other papers 4 - 8 * 4 were pub¬ 
lished having a definite bearing on the problem. 

In 1918 the American Society for Testing Materials 
authorized the formation of a technical committee to 
be known as Committee A-8 on Magnetic Analysis 
with Dr. Burrows as its Chairman. This committee 
was composed initially of investigators already working 
in the field, but from time to time its membership 
has been strengthened by the addition of members who 
have subsequently become actively interested in the 
development of magnetic analysis. The committee 
has functioned primarily as a clearing house for the 
interchange of ideas and experience among its members 
who have carried on individual investigations on various 
phases of the subject; but it has itself also carried out 
a number of investigations of a general and fundamental 
nature. 28 , 82 - 40 ■ 61 A considerable proportion of the 
literature available on the subject of magnetic anal ysis 
has been contributed by members of this committee, 
either independently or through the auspices of the 
committee. 

A second major source of technical literature is papers 
published by the Bureau of Standards. In general, 
the work of the Bureau has been directed along the 
more fundamental lines although some work on prac¬ 
tical applications has been carried out. 

Worthy of special mention is the work of de- 
Forest. 22 - 24 • 26 - 81 - 48 This ingenious experimenter has 


29-11 
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confined his attention in general to the development of 
methods employing alternating currents, and has 
brought out a number of applications of considerable 
interest and wide applicability. 

Most of the work definitely belonging in the field 
of magnetic analysis has been done in the United 
States. There has, however, been some interest in 
other countries. In this connection the work of 
Honda 7,56 in Japan, and of Fraichet 29 ' 30 in France, 
should be especially mentioned. Honda has employed 
magnetic methods in the study of structural trans¬ 
formations occurring during heating and cooling, and, 
with his associates, has published a great many papers 
on the subject. He is probably the first one to use the 
term “magnetic analysis” but he employed it, in a 
limited sense, to denote only the single phase in which 
his work is preeminent. The work of Fraichet has 
consisted mainly of the study of relations between mag¬ 
netic and elastic properties with special reference to 
the determination of the elastic limit by magnetic 
means. 

Experimental Results 

In discussing the results of investigations in the field 
of magnetic analysis, it will be found convenient to 
consider the following topics: Fundamental correlation, 
tests for general quality, detection of flaws, alternating- 
current methods, and thermomagnetic analysis. 

Fundamental Correlation. In his paper published 
in 1916 6 on the correlation of magnetic and mechanical 
properties of steel. Burrows 5 enunciated what he believed 
to be the fundamental principle of magnetic analysis 
as follows: “There is one and only one set of mechanical 
characteristics corresponding to a given set of magnetic 
characteristics, and, conversely, there is one and only 
one set of magnetic characteristics corresponding to a 
given set of mechanical characteristics.” He goes on 
to say: “Although there is no evidence to refute the 
preceding rather broad statement, the utility of this 
generalization is decidedly limited by the complexity 
of the relations due to the large number of variables 
and the lack of sufficient quantitative data. . . . 
Even with these limitations, magnetic testing, in con¬ 
junction with mechanical testing, may. be expected to 
be of considerable value in dete rmining mechanical 
properties.” Unfortunately, some have made extrava¬ 
gant claims based on the first part of this statement 
while overlooking entirely the caution as to the inherent 
limitations due to the complexity of the relationships 
involved and the lack of fundamental data. As a rule, 
such claims are detrimental rather than advanta¬ 
geous, as failure to substantiate them has a tendency 
to discredit the whole proposition and deter some from 
entering the field. 

In the attempt to discover fundamental correlations 
between the two sets of properties; it has been the 
general practise to make magnetic measurements by 
some well-known testing method on specially prepared 


samples. The results of these tests are then correlated 
either with the heat treatment or with the results of 
mechanical tests subsequently made on the same 
samples. Such correlation is not easy because the 
magnetic properties are in themselves complex. 
Attempts have been made to simplify the problem by 
using certain critical values, such as maximum per¬ 
meability, induction corresponding to a specified 
value of magnetizing force, residual induction, coercive 
force and the like, as criteria. These attempts have 
not been very successful and it has been found neces¬ 
sary to consider the magnetic properties as a whole in 
drawing conclusions. Another lesson that has been 
learned is that it is generally not safe to draw too definite 
conclusions from the results of correlating magnetic 
properties with heat treatment alone, for we can never 
be assured that some accidental factor has not entered 
into the heat treatment and thus produced mechanical 
properties not normally associated with the specified 
heat treatment. Too much emphasis cannot be 
laid upon the necessity for proper metallurgical control 
in correlation investigations. The results of experi¬ 
ments in which this factor has not been adequately 
cared for must necessarily have but limited value in the 
quantitative sense. 

Space does not permit a detailed discussion of the 
results of all the investigations recorded in the techni¬ 
cal literature. These results, however, are in the main 
concordant and the following general conclusions may 
be drawn: 

1. Any treatment which alters to a measurable extent 
the mechanical properties of a piece of steel at the 
same time appreciably alters its magnetic character¬ 
istics, though not necessarily to a corresponding degree. 

2. The nature of the effect of various treatments on 
magnetic properties is generally similar for different 
types of steel but this is not a universal rule, as notable 
exceptions have been observed. 

3. Although the magnetic and mechanical properties 
appear to be functions of the same variables,—that is, 
composition and structure,—there are certain secondary 
effects, notably that of mechanical strain, which exert 
an influence on the magnetic properties out of all 
proportion to their effect on the mechanical properties. 
This is an important point which should never be over¬ 
looked in the search for laws of correlation. 

Tests for General Quality. In their final application, 
tests for general quality must be applied to manu¬ 
factured products of various shapes and sizes, and for 
this reason a solution of the problem calls for a con¬ 
siderable amount of ingenuity in the design of apparatus 
for the testing of irregular shapes. In this type of 
application it should not be necessary to await the 
establishment of definite laws of correlation, for if 
pieces of steel having identical magnetic properties also 
have identical mechanical characteristics, it should 
only be necessary to compare the pieces under test 



July HI Jit 


SANFORD: MAGNETIC ANALYSTS 


magnetically with one known to have the requisite 
mechanical characteristics and which may therefore 
be taken as a standard of quality. A considerable 
number of investigations has been carried out as to 
the applicability of magnetic analysis for the testing 
of various products on this basis. Among the products 
investigated are cutlery, small tools, ball bearing races 
and balls, small ease-hardened chain, and twist drills. 

Encouraging results have been obtained in the 
majority of cases, but the obstacle in the way of practi¬ 
cal application on a commercial basis is usually the 
effect of secondary influences as noted above. In 
other words, the test generally fails on the side of safety, 
but leads to the rejection of an excessive amount of good 
material. This should not be considered to imply that 
the outlook is hopeless, but only that the problem is 
not so simple as it might appear at first glance. The 
need for a satisfactory nondestructive test is so great 
that efforts in this direction should not be abandoned 
until every possibility has been exhausted. And the 
fact that successful application has been accomplished 
in even a few cases leads to the conviction that the 
general problem is not impossible of solution. 

The. Detection of Flaws. A large proportion of the 
failures of steel parts in service is due not to poor general 
quality of the materials but to the presence of hidden 
flaws or defects. It is for the detection and location 
of hidden flaws that a reliable nondestructive test is 
most needed. For this reason, a considerable amount 
of attention has been given to this phase of magnetic 
analysis, and at least one successful application has 
been recorded. 47 A large number of different products 
such as steel rails, rifle-barrel steel, rifle barrels, ball¬ 
bearing races, and welded chain, has been the subject 
of study. One of the most important problems is that 
of the test of welds, for the applicability of welding is 
seriously limited by the lack of a suitable test for quality 
of the weld. 

The usual test for the detection of flaws consists in an 
exploration for the determination of the degree of 
magnetic uniformity of the specimen. Abrupt changes 
in magnetic permeability may be the result of flaws; 
on the other hand, they may indicate the presence of 
internal strain or may result from relatively unim¬ 
portant surface conditions. The problem therefore, 
at least in part, is to discover some way of differentiating 
between the indications due to strain and those due to 
actual flaw. A partial solution has been found 39 in 
the fact that variations due to strain are less in magni¬ 
tude under high values of magnetizing force than for 
low or medium values. Unfortunately, the sensitivity 
to the effect of real flaws is materially decreased when 
high magnetizing forces are used. A great deal of 
work remains to be done on this important problem. 

Alternating-Current Methods. For routine inspection 
on a commercial scale, alternating-current methods 
appear to have some practical advantages. The 
quantitative interpretation of the magnetic results is 


generally more difficult than for the ordinary direct- 
current methods, due primarily to the phase relations 
involved. With standardized equipment and arbi¬ 
trarily chosen limits, however, these difficulties are of 
minor importance. 

During the course of an investigation on high-speed 
steel carried on by Committee A-8 of the A. S. T.M., 40 
several methods were studied by different members of 
the committee. Although the results of the investiga¬ 
tion left much to be desired in the way of definite 
correlations, the alternating-current methods developed 
by deForest 24 seemed to offer the most encouraging 
field for further study. Two types of inspection have 
been developed. In the earlier form, the sample under 
test is compared with a standard by means of an in¬ 
ductance bridge using a separately excited a-c. gal¬ 
vanometer as a detector. By adjusting the phase of 
the current in the galvanometer field with respect to 
the induced voltages, it is possible to obtain readings 
on the galvanometer which depend mainly on the 
difference in permeability of the two specimens, the 
difference in hysteresis loss, or various combinations 
of the two factors. Thus it may be seen that in ad¬ 
dition to speed in operation, the method offers great 
flexibility. 

The second method 43 consists of the use of an oscillo¬ 
graph, preferably of the cathode ray type, with which 
the magnetic differences are shown graphically and 
appear as closed figures or loops of various shapes and 
sizes. By adjusting the phase of the time coordinate, 
it is possible to emphasize the difference in any par¬ 
ticular part of the hysteresis loop. This method, first 
adapted to magnetic analysis by deForest, has been 
discussed with respect to its more theoretical aspects 
by Spooner. 44 From the evidence already presented, 
it would appear that these two types of alternating- 
current testing provide exceedingly valuable methods 
for the application of magnetic analysis both in the 
laboratory and on a commercial scaje. 

Thermomagnetic Analysis. Thermomagnetie analysis 
consists of the study of magnetic changes which occur 
during heating or cooling of a specimen. While not 
properly classed as a nondestructive test, thermomag¬ 
netic analysis should be considered as one phase of 
magnetic analysis. Its development and application 
have received little attention in the United States, but 
in the hands of the Japanese investigator Honda 7 ' M it 
has proved to be an exceedingly valuable tool for the 
study of the phenomena associated with the heat treat¬ 
ment of steel. Apparatus for the application of ther¬ 
momagnetic analysis has been set up recently at the 
Bureau of Standards and it is hoped to develop further 
this phase of magnetic analysis. 

Practical Applications. The methods of magnetic 
analysis have found some practical application both 
in the laboratory and in commercial routine inspection. 
In the laboratory, the applications have been of two 
kinds. As a research tool for the study of the constitu- 
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tion and structure of ferrous materials, it has found 
use which will undoubtedly be extended. Indeed, it 
may well be that in this connection magnetic analysis 
will find its most valuable application. Magnetic 
tests have been used also in the laboratory in con¬ 
nection with long-time mechanical tests, such as en¬ 
durance tests and tests upon the effect of elevated tem¬ 
peratures on mechanical properties. In tests of this 
sort, it is of great importance to be sure that all of the 
specimens used are initially in the proper condition 
and that they contain no flaws. Under such circum¬ 
stances, the rejection of some good material is of less 
consequence than the acceptance of unsatisfactory 
material, since the results on such material may be not 
only valueless but even misleading. 

In the realm of commercial routine inspection there 
are three outstanding examples: the inspection of 
small case-hardened chain, 25 the testing of small heat- 
treated forgings, 43 and the examination of steam tur¬ 
bine bucket wheels. 47 The first two are applications 
of the two types of alternating-current tests developed 
by deForest for the American Chain Company. The 
third mentioned method is a d-c. exploration test de¬ 


wheel forgings is shown in Fig. 1. The forging under 
test is rotated on its own axis between the poles of an 
electromagnet which can be adjusted to any given 
position on the radius of the circular forging. The 
magnetic flux passes across the air-gap between the 
pole tips, in which air-gap the disk is rotated. Any 
variation in the magnetic quality of the material in this 
air-gap is indicated by means of a sensitive galvanom¬ 
eter connected to coils on the specially designed pole 
tips. In most cases, the value of magnetic explorations 
for the detection of flaws and irregularities is limited by 
the effects of strain and other obscure conditions. 
This test, however, is not applied until the disk has been 
heat treated for the removal of strain, and machined to 
final dimensions, and hence operates under the most 
favorable conditions. Although rejections are very 
few, in view of serious damage and sometimes even loss 
of life resulting from failure, it is exceedingly important 
that no defective piece be used in the finished machine. 
Conclusions 

From the foregoing rather cursory outline of the 
history and development of magnetic analysis, it is 
evident that the subject is one of great interest both 


from the point of view of commercial application and 
that of scientific investigation. The problem is not a 
simple one, as it involves not only the complex magnetic 
properties of materials, but also their composition and 
structure which determine the mechanical properties. 
The more rapid development of magnetic analysis has 
been hindered by a number of factors, some of which 
may be inevitable, but others of which might be ob¬ 
viated,—at least to some extent. 

With relation to the magnitude of the problem in all 
its phases, the number of workers in this field is very 
small, and their activities have extended over such a 
broad area that general progress has been necessarily 
_ . , slow - More workers and better coordination would do 

F 10 .1—Magnetic Analysis for Turbine Bucket Wheels, much to remedy the situation. One circumstance 

veloped by the General Electric Company with the 
collaboration of Dr. Burrows. 

In the testing of case-hardened chain, the inductance 
bridge method is used. The phase of the galvanometer 
field current is so adjusted as to give r eadings which 
experience has shown are proportional to brittleness. 

Readings which lie outside of certain specified limits 
indicate material which is either too brittle or too soft. 

This method for the control of the heat treatment of the 
manufactured product has been in use for over five 
years, several thousand individual specimens being 
inspected each day. 

For the inspection of small heat-treated forgings 
the oscillograph method is utilized. Experience has 
shown what form of loop indicates a satisfactory condi¬ 
tion of the material. Variations from this form, 

greater than a certain amount, indicate defective 
material. 

One form of apparatus for testing turbine bucket 


~ -V til l/JUCJLCnOj 

operates to retard development, is the tendency for 
most workers to cover each discovery and application 
as fully as possible with patents. The potential new 
worker in this field, particularly in industrial labora¬ 
tories, is somewhat uncertain as to his own stat u s , 
and in this case the tendency is to await further develop¬ 
ment in the hope that such development as may interest 
him can be made on a secure basi s 
Above all, the need is for more fundamental work. 
The possibilities in the way of practical applications are 
definitely limited by the lack of fundamental data. 

o be of maximum value, such fundamental investiga¬ 
tions must be planned and carried out not only from the 
standpoint of the magnetic phenomena but also from the 
point of view of the metallurgical principles involved, 
thus involves the closest cooperation between the mag¬ 
netic investigator and metallurgist. One of the most 
important phases of the problem is the study of the so- 
called secondary effects, which greatly influence the 





July 102!) 


SANFORD: MAGNETIC ANALYSIS 


735 


magnetic properties without Q , 

effect on the mechanical 8 7 * 

I h0 Outlook. Oil thA j • j ji 

Magnetic analysis has aTraSy DreS 7 ‘T 0 ”'* 11 *- 
on flift tr a .,t , v ,ii. j eaay Proved of use m research 
on the treatment and structure of steel and for routine 

re™ vvhv 1 ! 1a i COmmercial sc ale. There seems to be no 
*“f°? l,y f “ tu f p™*ras should not be more rapid, 
“ b ' l ’ ope ' r h f »agnetio analysis may be found more 

iustiS “ me g06s on appeare to be «*»piy 

Bibliography 

1. Burrows, C VV., “Magnetic Criteria of the Mechanical 

p fflllSl ^ " Ut Garb ° n 8tee1 ’” Pr0C ‘ A - S ' T ‘ M " 13 ’ 

, % » 1 w lM ?> J ' f Vr“ Ma ^ netie Habits 0f AI1 °y Steels,” Proc - 
A. S. /’. ,1/., 14, part Ir, p. 51,1914. 

3. Smith, (\ NT and Sherman, G. W„ “Magnetic Qualities of 
StKfhMHi Iron and Slued, Physical Review , Ser. 2, 4, p. 267, 1914. 

it'W. ‘Tli® Effect of Chemical Composition upon 
th«* Maj!nu*«-i« Propertius of Steels,” Gen. Elec. Rev., 18, p. 197, 

**•. burrows, (W., “Correlation of the Magnetic and Me¬ 
chanical Properties of Steel,” B. S. Sci. Paper No. 878, 1916. 

f>. Burrows, ( . W., “Rome Applications of Magnetic Analysis 
to the Study of Stool Products.” Proc. A. S. T. M 17 Pt 2 
p.K7,1917. , 

7. Honda, K., "Magnetic Analysis as a Means of Studying 
the Structure of Iron Alloys,” Jour. Iron and Steel Inst., 98, 
11.375,1918. 

8. Burrows, (’, W. and Fahy, F. P., “Magnetic Analysis as a 
Criterion ot the Quality of Steel and Steel Products,” Proc. 
A. S. T. ,\t., 19, |*t. 2, p. 5, 1919. 

9. Dudley, I*. II., "Magnetic Surveys on New and Failed 
Bails,” Pro,-. A. X. T. M., 19, Pt. 2, p. 51,1919. 

10. Sanford, B. L. and Fischer, M. F., “Application of Mag- 
Jtetic Analysis lo the Tosling of Ball Bearing Races.” Proc. 
A. .S'. T. to., 19, Pt. 2. p. 09, 1919. 

11. Sanford, It. I.. and Kouwenhoven, Wm. B., “Location 
of Flaws in Hide Barrel Steel by Magnetic Analysis,” Proc. 
A. .S'. T. M., 19, Pt. 2, p. 81, 1919. 

12. Nusliaum, Cl., "Certain Aspects of Magnetic Analysis,” 
Prm\ A. ,S\ T. M., 19, Pt. 2, p. 96, 1919. 

13. Cohort, N. .1., "A Systematic Investigation of the Cor¬ 
relation of the Magnet io and Moehanical Properties of Steel,” 
Pro,-. A. .S'. T. M., 19, Pt. 2, p. 117, 1919; Jour. ASTS, 1, p. 302, 
1919. 

14. Williams, S. It., “The Magnetic-Mechanical Analysis 
of Cast Iron," Proc. A. .S'. T. M., 19, Pt. 2, p. 130,1919. 

15. Nushauru, ('., Cheney, W. L., and Scott, H., “Magnetic 
Reluctivity Relationship as Related to Certain Structures of an 
Euteetoid Carbon Steel,” B. S. Sci. Paper No. 404, 1920. 

16. Wild, L. VV., “A Method of Measuring the Magnetic 
Hardness of Ferrous Metals and its Utility for Carrying Out 
Research Work on Thermal Treatment,” Trans. Faraday Soc., 
13, Pt. 3, p. 1, 1920. 

17. Nushnutn, <!. and Cheney, W. L., “Effect of the Rate of 
Cooling on the Magnetic and Other Properties of an Annealed 
Euteetoid Steel," B. S. Sci. Paper No. 408, 1921. 

18. Spooner, T. and Kinnard, I. F., “Magnetic Testing of 
Springs,” Pros. A. .S'. T. M., 21, p. 883, 1921. 

19. Spooner, T. anrl Kinnard, I. F., “Electrical and Magnetic 
Weld Testing as Applied to Butt-Welded Steel Plates.” Proc. 

A . .S'. T. M., 22, Pt. 2, p. 177, 1922. 

20. Dejean, P„ “Experimental Study of the Magnetic Trans¬ 
formations of Iron and Steel.” Ann. de Phys. 9, Ser., 18, p. 171, 
1922. 


21. Wild, L. W., “Influence of Heat Treatment on the Mag¬ 
netic Properties of Steel,” Trans. A. S. S. T., 2, p. 696,1922. 

22. deForest, A. V., “Magnetic Testing of Small Case 
Hardened Chain,” Trans. A. S. S. T., 2, p. 387, 1922. 

23. Cheney, W. L., “Magnetic Properties of Iron-Carbon 
Alloys as Affected by Heat Treatment and Carbon Content,” 
B. S. Sci. Paper No. 468 , 1922. 

24. deForest, A. V., “A New Method of Magnetic Inspec¬ 
tion,” Proc. A. S. T. M., 23, Pt. 2, p. 611, 1923. 

25. deForest, A. V., “Magnetic Indications of Hardness and 
Brittleness,” Trans. A. S. S. T., 4, p. 342, 1923. 

26. Sanford, R. L., “Nondestructive Testing of Steel Hoisting 
Rope,” Mining and Metallurgy, 4, p. 333, 1923. 

27. Sanford, R. L., “Causes of Deterioration in Wire Hoisting 
Rope,” Power, 58, p. 1031, 1923. 

28. Fahy, F. P., “Report of Committee A-8 on Magnetic 
Analysis,” Proc. A. S. T. M., 23, Pt. 1, p. 170,1923. 

29. * Fraichet, L., “Aimantations et Deformations Mole- 
culaires Limites Elastiques,” Rev. de Melallurgie, 20, p. 32,1923. 

30. Fraichet, L., “Essai Magnetique des Aeiers it la Traction 
Limites Elastiques,” Rev. de Melallurgie, 20, p. 549, 1923. 

31. deForest, A. V., “Magnetic Determination of the Elastic 
State,” Trans. A. S. S. T., 6, p. 653,1924. 

32. Kouwenhoven, Wm. B, “Magnetic Tests of A. S. T. M. 
Drills,” Proc. A. S. T. M., 24, Pt. 2, p. 635,1924. 

33. Sanford, R. L., “The Present Status of Magnetic Analy¬ 
sis,” Trans. A. S. S. T., 3, p. 577, 1924. 

34. Williams, S. R., “Hardness of Steel Balls by Magnetic 
Tests,” Trans. A. S. S. T., S, p. 479,1924. 

35. Williams, S. R., “A Correlation Between the Mechanical 
Hardness and Magnetrostrictive Effects of Ferromagnetic 
Materials,” Trans. A. S. S. T„ 3, p. 362,1924. 

36. Sanford, R. L., “Effect of Stress on the Magnetic Prop¬ 
erties of Steel Wire,” B. S. Sci. Paper No. 496, 1924. 

37. Sanford, R. L., Cheney, W. L., and Barry, J. M., “Effect 
of Wear on the Magnetic Properties and Tensile Strength of 
Steel Wire,” B. S. Sci. Paper No. 610, 1925. 

38. Heindlhofer, K., “Mechanical and Magnetic Hardness,” 
Iron Age, 116, p. 606, 1925. 

39. Sanford, R. L., “Detecting Flaws by Magnetic Analysis,” 
Elec. World, 86, p. 309, 1925. 

40. Spooner, T., “The Magnetic Analysis of High Speed 
Steel,” Proc. A. S. T. M„ 26, Pt. 2, p. 116, 1926. (Discussions, 
pp. 155-176). 

41. Sanford, R. L., “Nondestructive Testing of Wire Hoist¬ 
ing Rope by Magnetic Analysis,” B. S. Tech. Paper No. 816, 1926. 

42. Styri, H., “Testing of Ball Bearing Races by Electric and 
Magnetic Methods,” Proc. A. S. T. M., 26, Pt. 2, p. 148,1926. 

43. deForest, A. V., “A Method of Graphic Representation 

of Magnetic Characteristics,” Proc. A. S. T. M., 27, Pt. 1. p 234 
1927. ’ 1 ’ 

44. Spooner, T., “Magnetic Analysis by Means of the 
Cathode Ray Oscillograph,” Proc. A. S. T. M., 27, Pt. 1, p. 241, 

45. St. John, A., “X-Ray Studies of High Speed Steel,” 
Proc. A. S. T. M., 27, Pt. 1, p. 247,1927. 

46. Sams, J. A., “The Dnroscope: An Apparatus for the 
Magnetic Determination of the Durability of Steels,” Proc 

A. S. T. M., 27, Pt. 1, p. 252, 1927. 

47.. Capp. J. A., “The Application of Magnetics to the In¬ 
spection of Steam Turbine Bucket Wheels,” Proc A S T M 
27, Pt. 2, p. 268, 1927. ..’ 

48. Sanford, R. L., “Magnetic Reluctivity Relationship,” 

B. S. Sci. Paper No 646, 1927. 

49. Williams, S. R., “Hardness Testing of Steel B».il» by 
Magnetic Methods,” Trans. A. S. S. T., 11, p. 677,1927. 

50. Williams, S. R., “Correlation of Magnetic Properties 

with Mechanical Hardness in Cold Worked Metals, Part II_ 

Nickel Strips,” Trows. A. S. S. T., II, p. 885,1927. 



736 


SANFORD: MAGNETIC ANALYSIS 


Transactions A. I. E. E. 


51. Sanford, R. L., “Report of Committee A-8 on Magnetic 
Analysis,” Proc . A. 8 . T. M., 28, Pt. 1, 1928. 

52. Kouwenhoven, Wm. B. and Tebo, J. D., “The Incre¬ 
mental Permeability Method for the Magnetic Analysis of High- 
Speed Steel,” Proc . A’. S. T. M., 28, Pt. 2,1928. 

53. Styri, H., “Endurance of High-Speed Cut-off Tools in 
Relation to Magnetic and Other Measurements,” Proc. 

A. S.T. M., 28, Pt. 2,1928. 

54. Fiseher, M. F., “Note on the Effect of Repeated Stresses 
on the Magnetic Properties of Steel,” B . S. Journal of Research . 

55. Sanford, R. L., “Apparatus for Thermomagnetic Analysis 

B . S. Journal of Research . 

56. Honda, K. and Associates, “Numerous Papers on Ther- 
magnetic Analysis,“ Science Reports , Tohoku Imp. Univ., Sendai, 
Japan, 1911 and later. 


Discussion 

. B. M. Smith: Mr. Sanford has covered the field of magnetic 
analysis quite thoroughly, but there is one application which he 
has not mentioned and which I have found quite reliable. I 
refer to the determination of the chemical composition of mag¬ 
netic materials with special reference to the carbon content of 
iron and steel. In this direction there have been two methods 
successfully used, one utilizing magnetic saturation and the 
other, the unsymmetrical hysteresis loop. 

Hadfield and Hopkinson presented a paper. before the In¬ 
stitution of Electrical Engineers December 8, 1910 showing how 
the magnetic saturation of iron could be lowered by increasing 
the amounts of carbon within certain limits, the reduction being 
in a linear relation to the increase in carbon and sufficiently 
exact to suggest the determination of the carbon content by 
magnetic measurements. 

Russel J. Eddy, in Testing , Jan. 1924 described a “Carbometer” 
devised by Messrs. Malmberg and Holmstroem which determined 
the carbon content of steel by utilizing the unsymmetrical 
hysteresis loop. For percentages of carbon between certain 
limits the calibration curve is practically a straight line. Ex¬ 
periments which we have conducted along this line have shown 
the method to be very reliable and quite suited for determining 
the carbon content of steel at the melting furnace. 

During my work of the past 10 years on magnetic analysis I 
have collaborated with Dr. Burrows and S. L. Gokhale in de¬ 
veloping the turbine bucket-wheel test and with others in de¬ 
veloping the Durescope. I have, howeyer, found no application 
more interesting or more promising for further investigation than 
the application of magnetic analysis to the chemical composition 
of magnetic materials. 

W* B. Kouwenhoven: Last June Dr. J. D. Tebo of the Bell 
Telephone Laboratories and I presented a paper before the 
American Society for Testing Materials on a new method of 


magnetic testing. Briefly, this method involves the applying 
of a constant d-c. magnetizing field to a specimen and then super¬ 
imposing a second field which may be alternating or of some 
other form and determining the change in magnetic character¬ 
istics due to the superimposed field. This method we have 
named an incremental permeability method. 

We are continuing this year at Johns Hopkins. I have one 
man actively engaged on it. The further investigations with 
this method and the results at present are fairly promising. 
However, a great deal of work still remains to be done and we 
need more fundamental data. We need more investigators and 
cooperation would be welcome. 

A. V. de Forest: I should like to draw attention to the very 
intimate relationship between magnetic measurements and all 
the unknown properties of steel. In the magnetic method we 
introduce the possibilities of measuring all kinds of, properties 
that do not come out in any of the formal methods of mechanical 
testing, and yet we attempt to correlate our magnetic measure¬ 
ments with the results of these exceedingly crude mechanical 
tests. No wonder it requires quite a long time. Also, no wonder 
unpleasant experiences, occur every once in a while in that a wild 
kind of material will come along and give the same mechanical 
tests but different magnetic onos, or vico versa, the same mag¬ 
netic tests and wild mechanical ones. 

I have found it quite desirable to consider the magnetic method 
as far more fundamental, and very much more subtle than the 
mechanical tests. 

One of the reasons for this is that almost all of the magnetic 
methods bring in the question of internal stress and yet the 
internal stress conditions have very little to do with the ordinary 
measured static mechanical properties. It is necessary to go into 
fatigue and impact and probably into corrosion and perhaps 
corrosion fatigue phenomena in order to get reflections of the 
internal stress conditions which the magnetic is quite able to 
pick up without any trouble at all. 

Perhaps another way of looking at the thing is to consider that 
both ordinary mechanical static tests and the magnetic tests are 
measurements on the average properties of large groups of 
crystalline grains. When we get into mechanical tests of the 
fatigue variety, perhaps in a long length of wire there will be 
only one grain, an infinitesimal thickness of material, which will 
determine the actual life under working conditions of the entire 
mass of material that we are testing. No static test and no 
hitherto devised magnetic test can be applied to a -single grain or 
a single section of a large piece. We, therefore, have to study 
both mechanical and magnetic relationships in the light of 
average results and not on the single individual specimens. 
The difficulty is that the mechanical testing of large numbers 
of specimens is so far almost hopeless. There aren’t fatigue¬ 
testing machines enough and there isn’t time enough to ac¬ 
complish the correlation. 



Electrical Instruments Used in the Measurement 

of Flow 
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Synopsis « This paper outlines some important flow-measurement problems and points out the character of electrical apparatus 
that may be used with other equipment for measuring flow. 


I N the measurement of fluid flow by electrical means, 
the electrical devices, though frequently a major 
portion of the equipment, are essentially auxiliaries. 
Fundamentally, fluid measurement is a problem in 
hydromechanics and electrical apparatus is used as a 
convenient supplement to the mechanical actions which 
are generally utilized to make manifest the behavior of 
the fluid. The significance of this statement will 
appear as we proceed. 

Measurements of the flow of water, oil, air, fuel gas, , 
and steam are, as far as numbers of applications, the 
most important, but there are many other actual and 
possible occasions for utilizing similar ideas and appa¬ 
ratus. Certain instruments described in the latter 
part of this paper are as electrical devices, instruments 
for measuring the relation of two electrical quantities 
and as such are capable of a wide variety of applications. 

As here described they are for the measurement of flow. 

A broad division of the quantities to be measured may 
be made according to the conditions of measurement; 
i. e., 1, measurements of unconfined flow, 2, measure¬ 
ments of flow in confined channels or pipes. The first 
is illustrated by the measurement of wind velocities and 
by the determination of the air speed of an aeroplane, 
the second by the flow of steam in a steam main. 

Other divisions may be made following the ideas 
utilized in effecting a connection between the fluid 
flow and the electrically responsive measuring devices; 
for example, we may have an anemometer wheel whose 
speed response to the fluid flow is used to determine a 
voltage or a frequency of electrical impulses, or a drop 
in pressure may be brought about by an orifice or by a 
venturi tube and the resulting pressure difference com¬ 
municated to electrically responsive apparatus, or 
again the change by convection of the temperature of 
electrically heated wires when exposed to the moving 
fluid m^y be the means of establishing a connection with 
the electrically responsive apparatus. 

In measurements of unconfined flow the quantity 
determined is essentially a velocity or a velocity- 
density function, and the first stage of measurement is 
to establish a pressure, a displacement, a motion, or a 
temperature change which is a function of that velocity 
or function. 

1. Engineer, General Electric Co., West Lynn, Mass. 
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1. If the first alternative is chosen, i. e., if the pres¬ 
sure resulting from the relative motion of the fluid and 
the measuring apparatus is employed, it may be utilized 
to change a resistance as for instance that of a carbon- 
pile, or indeed it is conceivable that through the 
ministrations of the piezoelectric effect a suitable elec¬ 
trical measurement could be achieved if not directly 
at least by the use of amplifying devices. 

II. Displacements may be used to alter the capacity 
of a capacitor, to change the inductance of a reactor, or 
to change the resistance or conductance of a suitable 
conducting circuit. There are many ways in which 
electrical effects may be derived from such combination. 

III. If the third alternative is chosen the motion 
will undoubtedly be that of the wind-wheel of an 
anemometer. From here on to the indication or record 
the connection may be electrical and may take one of 
the many forms of electrical speed indicators among 
which may be mentioned, 

1. A magneto, which produces a voltage pro¬ 
portional to speed, connected to a suitable volt¬ 
meter. 

2 (a) A contact maker which releases electrical 
impulses at a rate proportional to the speed of the 
moving member. These may be condenser dis¬ 
charges which thus may release a quantity of 
electricity proportional to the speed, which may 
be indicated on a milliammeter acting as a balistic 
instrument; or the impulses may control an inde¬ 
pendent source of mechanical motion which may 
be indicated by the magnetic drag induced by the 
relative motion of permanent magnets and a body 
of conducting material or by purely mechanical 
forms of indication. 2 

(b) Instead of electrical contacts periodic 
variations of electrical capacity or of inductance 
may be used to control electrical pulses which 
in such cases will probably be used in connection 
with vacuum tubes and electrical oscillations of 
audio or higher frequencies. The final indications 
will be proportional to the rate of pulses and the 
actual apparatus closely paralleling that indicated 
under (a). 

IV. The heat imparted to the surrounding medium 

2. These ideas have been employed for the distant indication 
of electrical quantities. 


29-46 
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by a wire carrying an electric current is a function of 
certain properties of the medium itself, of the tempera¬ 
ture and surface conditions of the wire, and of the rela¬ 
tive motion of medium and wire. If now energy at a 
constant rate is supplied to the wire and other conditions 
remain unchanged the temperature of the wire will be a 


by being subjected to a differential pressure it can be 
caused successively to make contacts which thus 
change the resistance or impedance of an electric cir¬ 
cuit, and in so doing no pressure reaction should result. 
On the other hand a finite and practically a rather 
limited number of steps is imposed. 


function of the relative motion of medium and wire. 
By using a wire having a suitable temperature coeffi¬ 
cient of resistance the resistance becomes a function 
of the fluid flow and a measurement of undisturbed 
flow resolves itself into a measurement of resistance 
after the necessary constants have been determined. 8 

The measurement of flow of fluids in pipes has much 
in common with the measurement of the relative motion 
of an unconfined fluid medium, and a measuring device. 
The measurement of steam or of air under pressure is 
generally carried out by recourse to pressure drop 
through an orifice or by the pressure-velocity relations 
determined by pitot and static-pressure tubes. In 
general the quantities of interest are the mass of fluid 
per unit of time passing the point of observation, and 


If the body of mercury is so disposed that it acts as 
the secondary of a transformer, a change of level in the 
mercury surface may be made to change correspondingly 
the amount of mercury in the secondary path and 
consequently the characteristics of the primary circuit. 
Measurements made in the primary circuit will corre¬ 
spond to conditions in the secondary and these in turn 
correspond to the equilibrium conditions established by 
the hydromechanical portion of the equipment. For 
an arrangement of this kind the electro-magnetic 
reaction between primary and secondary circuit must 
be limited to an amount that will not importantly 
change the mercury level. Small changes can be pro¬ 
vided for in the calibration and voltage compensation 
of the instruments. 


the total amount of fluid which shall have passed be¬ 
tween the epoch of start and any chosen times for 
observation. Generally these measurements are made 
at pressures fairly near chosen standards; the one is a 
velocity density function, the other an integration with 
respect to time of this function. 

The electrical apparatus used generally consists of 
two portions, 1, a container and a body of mercury 
whose configuration is changed to correspond to the 
pressure changes communicated to it and which 
thereby alters, by shorting out resistance or inductively, 
the conductivity of an electric circuit; 2, an electrically 
responsive member which will translate the changes of 
conductance or admittance into indications or inte¬ 
grate an appropriate function of one of these quantities 
with respect to time. 

In the measurement of the flow of liquids, mechanisms 
quite similar to those used for gaseous flow may be 
employed. From the hydromechanic point of view the 
problem is simplified by the absence of change of 
density. 

Electrical power is thus utilized to perform the work 
incident to indication or integration and the hydro¬ 
mechanical organizations determine the magnitude 
or other characteristic of the electrical action. 

For most of the measurements here discussed alter¬ 
nating current has many advantages over direct cur¬ 
rent. In any case an instrumentation whose indica¬ 
tions are independent within moderate limits of the 
supply voltage and in the case of alternating current, 
independent of the frequency changes that may be 
expected, is much to be preferred as compared with one 
which must rely on a fixed or automatically controlled 
source. 

When a body of mercury is caused to change its level 

3. This idea in a modified form is used in the Thomas Gas 
Meter. 


In the remaining portion of this paper two mecha¬ 
nisms are described both actuated by alternating cur¬ 
rent. The one is inter d 3d for indication on a scale or 
for recording on a chart flow as determined by a flow 
meter in which a body of mercury acts as a secondary 
and thus influences the characteristics of the circuit in 
which the instrument is connected; the other integrates 
with respect to time a quantity similarly determined. 

1. An instrument that indicates the conductance of 
an electric circuit. 

This instrument indicates the ratio between the power 
expended in a standard circuit and that of another 
whose admittance is controlled by a flow meter or 
other device. It consists of two elements, similar to 
the electromagnetic system of the ordinary induction 
watthour meter, arranged to oppose their torques on a 
common disk. The disk is so modified that the torque 
developed by one of the elements, or if conditions should 
require it, of each of the elements, is inter alia dependent 
on the position, with regard to deflection, of the diaV. 
Thus for a steady indication, the torques acting on the 
disk are balanced and 

k x Eh cos <£i/i (a) = kzEh cos <j& 2 / 2 (a) 

E* Ri 


Gift (a) 


= &2 Gif 2 (a) 
fcg fi (a) 




in which 

a represents the angular position of the moving 
system 

ki, k 2 are constants 
E is the e. m. f. of the circuit 

1 1 is the current in the first circuit 

1 2 is the current in the second circuit 
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Gi is the conductance of the first circuit 

Gi is the conductance of the second circuit 

<t> i is the lag angle of the first circuit 

<f >2 is the lag angle of the second circuit 

If the constants of the second circuit are fixed and this 

circuit is used as a standard 

Gi = Gi F (a) 

If now each value of G is uniquely determined by the 
quantity we seek to measure, the angular position of 
the instrument pointer gives an indication of that 
quantity and a scale may be appropriately marked in 
terms of it. 

2. To integrate a quantity /(G) with respect to 
time we may utilize an induction watthour meter struc¬ 
ture and by changing the proportioning of its part 
cause the damping effect of the magnetic field from the 
voltage coil to be large enough to supply all the damp¬ 
ing necessary to maintain the speed at a suitable value. 
As then constituted the torque of the meter will be 
proportional to the square of the voltage since this 
torque is determined by the reaction of currents in two 
circuits in each of which the flow is proportional to the 
voltage. Also the damping effect is proportional to 
the square of the voltage, for the magnetic field and 
hence the Foucault current induced thereby are both 
proportional to the voltage. The interaction of this 
field and current produces the damping. 

With a simple structure as outlined above a change of 
frequency would produce an inconsequential change of 
torque but the current in the voltage coil would vary 
inversely as the frequency and thus the damping would 
change inversely as the square of the frequency. 

If, however, a capacity is introduced in the voltage 
circuit, as shown in the diagram, and if its value is so 
chosen that the resonant frequency of that circuit 
shall be about double the actual frequency, the current 
in the potential circuit instead of decreasing in inverse 
ratio as the frequency will increase with increasing 
frequency and the damping which increases as the 
square of the current in the potential circuit can be 
made to change at the same rate as the resulting change 
of torque, thus making the speed of the meter indepen¬ 
dent of the frequency overmoderateranges of frequency. 
The conditions that make for independence of voltage 
remain effective. The constants of the circuit are such 
that resonance from the fundamental frequency of the 
circuit or its harmonics is precluded. 

The first of the two instruments described is clearly 
one that indicates the ratio between two similar elec¬ 
trical quantities and so can be utilized to measure the 
ratio between any two quantities that can be repre¬ 
sented by suitable electrical quantities, as for instance, 
temperature. In this case, standard temperature may 
be represented by a standard resistance having a small 
or zero temperature coefficient, while the temperature 
to be measured may be represented by a resistance that 
varies suitably with that temperature. 

Instead of measuring flow as such, two pressure- 


sensitive devices may be used, one to influence the one, 
the other the second element of the instrument whereby 
a ratio of flows may be measured. The ratio of steam 
delivered to air used might be one application .or the 
measurement of the ratio of steam extracted to total 
steam used, another. 

An instrument could be constructed with two moving 
systems and associated elements, the two indicators 
arranged to move in closely parallel surfaces over a 
single scale in such a way that the reading point should 
be the intersection between the two indicators. In 
this way indications of such functions of four quantities 


as may be expressed in the form F 



could be obtained as a single reading. Non-electrical 
quantities that can be represented by suitable electrical 
quantities can be so measured. The only application 
(of which the author is aware) of such a structure was 
for the measurement of the product, or ratio of electrical 
quantities for the measurement of another electrical 


quantity, namely power factor, The actual rela¬ 


tion made use of in the instrument was —p- . —p - but 

the occasion may easily arise in connection with other 
measurements, and a not impossible application may 
be in the determination of a compound ratio of the 
flow of several fluids. 4 

Induction instruments of the ratio type are nearly 
free from one of the drawbacks that characterize 
certain other forms, notably induction voltmeters 
and wattmeters, in that the indications result from the 
equilibrium of two torques that have the same charac¬ 
teristics with respect to temperature. Small residual 
errors are cared for by a small amount of temperature- 
sensitive magnetic material in the air gaps. 

In the integrating meter, temperature errors are self- 
eliminating. 

It is not expected by the author that this paper more 
than outlines the nature of some important fluid 
measurement problems and points out the general 
character of the electrical apparatus that may be em¬ 
ployed. The essence of fluid measurement is con¬ 
tained in the subject of hydromechanics. The electrical 
apparatus which generally may be advantageously 
used has characteristics that suggest its usefulness in 
connection with other types of measurement that may 
have nothing in common with fluid measurement aside 
from the electrical apparatus used for giving final 
indication. 

Numerous bibliographical references may be found 
in the bibliographies relating to the Measurement 

4. Pratt patent 719,609, Feb. 3, ,1903. Induction elements 
could replace the electro-dynamometer elements illustrated 
therein. 
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of Non-Electrical Quantities by Electrical Means which 
have appeared in the A. I. E. E. Transactions . 8 

Appendix 

By way of explanation of the diagrams: 

In Fig. 1 the disk is represented as divided by a 
curved line into two parts. The main portion is of 
high conductivity material and the irregular boundary 
of this part is so chosen that the torque of the back 


In Fig. 3, C and K are laminated iron cores. The 
magnetic flux which crosses the gap between them in 
which disk E rotates not only produces the torque but 
also supplies all the damping. 

The circuit including B and I is highly reactive, 
leading, thus with increasing frequency, the current in 
this circuit increases and the damping, which may be 
taken as proportional to the square of the current in B, 
increase at a rate sufficient to compensate for the 
increases of torque which also increases with the fre- 



Fig. 1—Disk op Conductance Meter 


element is a function of the angular position of the disk 
as well as of the current, voltage, etc., to which that 
element is subjected. The smaller part of this disk is 
of high resistance material and its purpose is solely to 
give mechanical balance to the element. 

Fig. 2 gives the connections of the electrical elements 


Front Element - Front View Back Bement . Back View 



Fig. 2—Schematic Diagram op Conduct an ce Meter 


associated with the moving Systran shown in Fig. 1. 
In Fig. 2, M represents a flow meter element, a trans¬ 
former with a mercury secondary. 

G, K, N, N. -laminated iron cores 

B -the disk shown in Fig. 1. 

L -the exciting coil of the back element which 

also serves as a primary to which the circuit including 
Ri, Ri, and J is a secondary. The resistance Ri + R t 
constitutes the standard electrical quantity with 
reference to which the indications of the instrument are 
determined . 

5. A. I. E. E. Trans., XLIV, 1925, p. 258. 

A. I. E. E. Trans., XLVI, 1927, p. 710. 

L E - E - Quarterly Trans., Vol. 47, October 1928. 

D- llnS. ’ 



Fig. 3—Schematic Diagram op Integrating Meter 


quency. In the absence of the capacitor I the torque 
would remain almost unchanged with change of fre¬ 
quency while the damping would vary inversely as the 
square of the frequency, since the predominant part 
of the damping is due to the flux from coil B. The 



Eix 

Fig. 4 Vector Diagram of Integrating Meter 

circuit including coil F and resistors R x and R t is of high 
resistance. Its purpose is to supply a small amount 
of torque to balance out the excitation losses of the 
transformers 0 and M. H is the main current winding 
and L is an adjustable reactive shunt to effect calibra- 
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tion and provide a small adjustment for the phase 
angle of the current in coil H. 

Fig. 4 shows the vector relation of the quantities 
involved in the action of the meter shown in Fig. 3. 

V represents the voltage impressed on the voltage 
circuit and is the sum of the two components 
E c the voltage across the condenser 
E the voltage across the voltage coil 
the latter is the resultant of reactive and energy com¬ 
ponents as indicated by Eix and E i*— Em. 

<£e represents the flux in phase with the current in the 
voltage coil 

<t> e' is that portion of the flux that crosses the disk, 
the phase shifted through the angle a by the light 
load adjusting plate (not shown) 

1 represents the current in the current coils of the 
meter 

<t>\ the resultant flux due to the current I and current 
. in short-circuited bands around the current 
poles (not shown in Fig. 3). 


Discussion 

I. F. Kinnard: Mr. Pratt shows (Fig. 3) a very interesting 


application of the induction watthour meter to measure con¬ 
ductance. It will be observed that there are no damping mag¬ 
nets in this arrangement, but the damping on the disk is supplied 
entirely by the potential flux. In other words, the same flux 
drives the disk and produces damping. It should also be noted 
that a condenser is used in series with the potential coil in this 
device in order to correct for frequent variations. 

There has recently been developed a modified sehemo also 
utilizing the watthour meter which may be of interest to the 
Institute and ought to be on record. 

The watthour meter, of course, has a moving element, usually 
an aluminum disk. It has a driving element consisting of a 
potential winding and a current winding, and the control torque 
is supplied by a permanent magnet. If we dispense with the 
permanent damping magnet and substitute instead another 
electromagnet which is connected directly across the line through 
a fixed resistor, we have a conductance meter which is very 
closely allied to the standard watthour meter. As a matter of 
fact, it has been found possible to get very excellent results using 
standard watthour meter disks, bearings, and driving elements in 
this way. It is obvious just to get a physical picture of the way 
this do vice works that the only variable that can cause a change 
in speed of the meter is a change of the conductance of the load. 
That is, if the potential should vary, both the driving torque 
and the damping torque varies according to the square of the 
potential and there is no resultant speed of the meter. There 
may be many applications in the future whereby this very 
interesting modification of the watthour meter could be profitably 
used. 



Use of the Oscillograph for Measuring 

Non-Electrical Quantities 

D. F. MINER* and W. B. BATTEN* 

Member, A. I. E. E. Associate, A. I. E. E. 

Synopsis . —The electromagnetic oscillograph has proved to he a lation of mechanical phenomena into electrical changes which are 
useful instrument for obtaining recorded measurements of non- proportional . Several typical applications are described showing 
electrical quantities . The problems of application involve the trans - how motion , time, stress , pressure , etc., are measured . 


A LTHOUGH the electromagnetic oscillograph was 
developed primarily for, and has found its principal 
application in, recording electrical quantities in 
terms of current, voltage, and watts, its inherent charac¬ 
teristics have made it useful for non-electrical applica¬ 
tions. This oscillograph offers a means of recording 
photographically phenomena which are of too short a 
duration for the eye to watch or for other types of 
instruments to record. Furthermore, it is frequently 
desirable to record simultaneously both electrical 
quantities and mechanical actions of some apparatus. 
For this, the oscillograph is admirably adapted. How¬ 
ever, these quantities must be of such a nature that 
they can be translated into electric potentials or cur¬ 
rents which have a definite relation to the quantities 
to be recorded. 

The element of the instrument is a low inertia galva¬ 
nometer, the two ribbons of which move with respect 
to each other in a magnetic field. The motion tilts a 
mirror and through an optical lever causes a beam of 
light to be deflected on a screen or film. The motion 
is proportional to current in the ribbons so that equal 
increments of current through the galvanometer or 
equal increments of potential applied to the galvanom¬ 
eter with series resistance are faithfully recorded. 

The problem in adapting the oscillograph for other 
than electrical uses lies in the translation of the phe¬ 
nomena to be recorded, into proportionate electrical 
values. It is the aim of this paper to show a number of 
typical applications illustrating how this object 
was obtained. Many phenomena, such as changes in 
pressure, vibrations, stresses, and time intervals, give 
rise to mechanical motion, either linear or angular, 
resulting in a variation of speed or an acceleration of the 
body as a whole or in part. If this motion can be made 
to vary an impedance in an electrical circuit as a func¬ 
tion of this motion, the current through the circuit, or 
the potential across a portion of this impedance, maybe 
utilized to actuate the galvanometer for a record. 

Travel Indicator 

Where the motion of a part of a machine is to be 
studied fo r uniformity, acceleration, rebound, etc., a 

PittebJJgh! ^ eStingIl0Use Electri0 & Manufacturing Co., East 

Presented at the Winter Convention of the A. I. E. E„ New York 
N. Y., Jan. 28-Feb. 1,1929. ' 


resistance wire can be placed along a stationary part, 
and a moving contact attached to the moving part. 
The contact slides along the wire and changes the 
•resistance included in the galvanometer circuit as in 
Fig. 1, in which A B, the resistance, may be either of 
continuous length or steps in a wound resistor. C is 
the sliding contact for indicating relative motion be-, 
tween the moving member to which it is attached and 
the fixed member to which A B is fixed. In such a 
circuit, a constant current flows from a battery through 
A B. The resistance of the galvanometer circuit 
AG C is made sufficiently high so that changes in the 
position of C do not alter the potential distribution 
along the resistor A B appreciably. The proportions 
of current in the two circuits (resistor and galvanometer) 
can be adjusted to secure any reasonable degree of 
accuracy. 

A device of this kind has proved particularly useful 

POTENTIOMETER CIRCUIT 


Sliding Contact 


Osc. Element 
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Batteiy 

Fig. 1—Potentiometer for Travel Indicator 

in studying the travel of circuit breaker parts. As 
shown in Fig. 2, the resistor wire is wound on the edge 
of am insulating disk which can be rotated against the 
action of a special spring. The device is clamped to the 
frame at a convenient point and a cord, connected to 
the disk and wrapped around a drum on its shaft, is 
attached to the moving part to be studied. 

Speed Recorder 

When a rotational speed record is desired in a form, 
such as an oscillogram, particularly adjacent to some 
other record for the purpose of timing, rotation must be 
translated into an electrical current in the oscillograph 
element proportional to the speed. A magneto or 
other constant field generator has a voltage character¬ 
istic proportional to the speed, but the usual electric 
tachometer has a wave form that is very bad, being full 
o lgh-frequency harmonics. At various times 
homopolar generators have been used but they generally 


29*39 
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develop current collection troubles and generate a very 
low potential. A remedy to the magneto trouble can 
be obtained by using a special oscillograph element, 
which is equipped with a damping vane and will not 
respond to high frequencies. 

Fig. 3 is a section of an oscillogram recording the 
operation of two reversing mill motors. The top record 
shows the speed of one motor as measured with a 
magneto and oscillograph element having a damping 
vane. The fifth record from the top shows the speed of 
a second motor as measured with a magneto and stand¬ 
ard oscillograph-element. These two records show the 



Pig. 2—Circuit-Breaker Travel Indicator 


effect of a damping vane on an oscillograph element 
when making this type of record. 

It is sometimes desirable to record minute speed 
variations of rotating parts as when investigating 
governor action. This may be accomplished by coup¬ 
ling or belting a small magneto or constant field genera¬ 
tor to the machine under test. The magneto or genera¬ 
tor is connected in series with a battery, the potential 
of which opposes and equals the magneto voltage during 
steady state condition. The oscillograph records the 
differential potential and can be adjusted to respond 
to a fraction of one per cent change in speed. 

Vibration 

If vibratory motion of small amplitude can be made 
to change the reluctance of a magnetic circuit of proper 
design an electrical equivalent of the motion can be 
obtained. This was used in exploration of turbine 
blade vibration by placing a vibration converter on the 
end of the turbine shaft. This device is really a small 
generator with a permanent magnet field. It is so 
designed that the normal position of a field pole is 
midway between two armature teeth. As the field 
moves with respect to the armature, the flux shifts from 
one tooth to the other and induces a potential in the 
coils on the armature teeth. In practise, the armature 
is clamped rigidly to the end of the turbine shaft and 
hence follows the motion of the turbine rotor. The 
field of the vibration converter is free to move with 
respect to its armature and its inertia is such that it 
does not follow the high-frequency vibrations which 
may be present in the turbine shaft, though it rotates 
at the same average speed as its armature. 


Timing 

Sequence of operation without reference to magnitude 
of motion or resulting phenomena can be shown nicely 
by the oscillograph. Two factors are neeessary, one 
an indication of operation, and the other a time s ca le. 
If, for example, the relation between the opening or 
closing of several switches is desired, each unit can be so 
arranged as to short-circuit a resistor in the galva¬ 
nometer circuit or insert resistance. At each operation 
the recording line makes a jump up or down. The time 
scale may be made by an a-e. wave of known frequency, 
simultaneously recorded a timing record from a tuning 
fork or the tick of a watch. In the last case a small 
mirror mounted on the hair spring deflects a beam of 
light giving impulses on the film. This is accomplished 
by removing a small section from the edge of the watch 
case opposite the hair spring. The mirror, which is 
about 0.017 by 0.070 in. in size, is fastened directly to 
the hair spring at a point near the place where the hair 
spring is secured to the frame. Hence the mirror moves 
only slightly, this motion causing a small rotational 
movement about its transverse axis. The light spot 
reflected from the mirror moves up and down as the hair 
spring moves. As the light spot passes the slit in the 
oscillograph film holder, a spot on the film is exposed. 
Hence the record consists of a series of dots or dashes, 
such as that shown at the bottom of Fig. 3 for slow 
speed work. This device is very dependable. It has 



Fig. 3—Oscillogram Showing Speed Record with and 
without Corrected Magneto Wave 


the advantage of not requiring a regular oscillograph ele¬ 
ment, thus leaving an extra element for some other 
measurement. The mirror affects the speed of the 
watch only slightly. 

Stresses 

For most materials the strain from load on a mechani¬ 
cal member is proportionate to stress within the elastic 
limit, so that a record of stretch or compression can be 
interpreted in terms of stress. Usually the amount of 
motion is small, so that slide wire scheme is not applic¬ 
able. However, other methods such as change in 
resistance of a pile of carbon disks with small motion 




























744 


MINER AND BATTEN: THE ELECTROMAGNETIC OSCILLOGRAPH Transactions A. I. E. E. 


or change in reluctance in a magnetic circuit in com¬ 
bination with suitable coils, are available. 

The strain gage is an interesting form for studying 
railroad track and locomotive side rod stresses. This 



Fig. 4—The Strain Gage 


can be applied wherever it is desired to obtain oscillo¬ 
graphic records of mechanical movements of very small 
amplitude (a few thousandths of an inch). The gage 
consists of two stacks of U-shaped sheet-steel punchings 


STRAIN GAGE 
Schematic Diagram 



with a eoil on each and an armature of sheet-steel 
punchings as shown in Fig. 4. The open ends of the two 
stacks of punchings are placed facing each other, with 
the armature between them, and the gap between the 


the part to which the U-punchings are attached. The 
two coils are connected in series and a fixed current at 
relatively high frequency (400 to 800 cycles) is sent 
through them. The oscillograph records the voltage 
across one of the coils. This potential varies with the 
distance between the armature and U-punchings. 
Experience has proved that practically a straight line 
relation exists between potential across one coil and 
armature position as long as the armature does not 
actually touch either stack of U-punchings. The record 
shows a modulated high-frequency current;hence vibra¬ 
tions having a frequency higher than about 15 per cent 
of the frequency of the current through the coils cannot 
be recorded accurately. Inasmuch as the modulated 
high-frequency wave occupies a large space on the film, 
it is' difficult to record six stress measurements simul¬ 
taneously without overlapping, giving a record con¬ 
fusing to analyze. To eliminate this condition, the 
voltage to be recorded is sent through a full-wave 
copper-oxide disk rectifier, and then through a choke coil 
before reaching the oscillograph galvanometer. The 




Fig. 6—Pressure Recorder 


armature and U-punchings is sufficient to permit the 
armature to move with respect to the punchings. In 
other words, the strain gage records the movement of 
the point to which the armature is fixed with respect to 


Fig. 7—Oscillogram Showing Circuit-Breaker Test with 
Travel Indicator and Pressure Records 

choke coil is of such value that the rectified high fre¬ 
quency is practically ironed out, but is low enough so 
that it does not affect the envelope curve (40 cycles or 
less). This arrangement gives a straight line record, the 
position of the line being varied only by a change in the 
position of the strain indicator armature or in other 
words by the stress in the member to which the strain 
gage is attached. 

Pressure Recorder 

A great deal of effort has been expended upon the sub¬ 
ject of recording transient steep wave front pres¬ 
sures. Strictly speaking, any device in which , motion 
occurs due to the pressure cannot give a true record, for 
the motion has changed the volume and consequently 
the pressure. Furthermore, the motion of a piston or 
diaphram involves time lag. But for ordinary purposes 
we can be satisfied with much less than the idea. 
Probably the piezo crystal comes as near being perfect 
as anything. Certain crystals exhibit electrical changes 
when subjected to pressure which, however, alter their 
shape very little. For many commercial uses, how- 
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ever, such a crystal is far too delicate a device, and the 
electrical change much too feeble. 

The carbon pile is often used but even though a bridge 
arrangement is employed it is difficult to maintain a 
constant calibration and it is too delicate for rough 
handling. 

A much better instrument for circuit-breaker pressure 
records was developed later using a very light-weight 
gas-engine indicator modified to translate the piston 
motion into change in resistance. The pointer which is 
ordinarily used for tracing an indicator card was made 
part of an electrical circuit and travels over a drum made 
up of alternate copper and insulating disks, the copper 
being connected to suitable external resistance units. 
An inch of travel on the pointer tip covers 20 steps. 
Thus each step represents a pressure of 1/20 of the 
piston spring calibration. This makes the record self¬ 
calibrating. The pressure record is shown in steps but 
if these are made of the proper magnitude there is no 
objectionable lack of smoothness in the curve. The 
device is very convenient and withstands test floor 
handling without damage. For protection during tests 
the recorder is placed in a fireproof metal box and a 
short length of metal hose is used for the connection to 
the circuit-breaker tank. It is interesting to relate that 
at first a two ft. length of heavy rubber hose was used. 
Records were obtained* of explosion pressures long after 
the phenomenon was over. There was a time delay in 
propagation of the wave of pressure through the rubber 
sufficient to cause this. Substituting a rigid metal 
connection eliminated this. 

We have described above a few interesting uses of the 
oscillograph outside of the purely electrical field. 
Many more could be cited but these will suffice to 
show the inherent usefulness and versatility of this 
instrument. 
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Discussion 

M. S. Rusher: One who is constantly using the oscillograph 
probably has found that there are more applications of this 
instrument to the measurement of non-electrical quantities tha n 
to electrical ones. The methods used for adapting it to these 
measurements will naturally differ greatly and no particular 
method can be called the best for all cases. 

The authors state that the “Travel Indicator” described in 
their paper, gives any reasonable degree of accuracy with proper 
adjustment, but it will be found that accuracy by this method 


is at the expense of considerable power loss in the resistor circuit. 
The step-by-step method of measuring displacement which 
Dr. H. L. Curtis called a “displaceometer” in his paper on 
Use of an Oscillograph in Mechanical Measurement , (A. I. E. E.' 
Trans., Vol. 44, p. 264, 1925) has been used by us for many years 
with the added feature that the resistance in series with the 
oscillograph vibrator on different steps varies over a certain range 
and then repeats itself so that direction of travel and rebound 
are apparent at a glance. Displacements of greater magnitudes 
are quickly indicated by noting the number of peaks of a given 
height on the film the same as when using the long marks only 
across an ordinary scale. For measuring smaller variations it is 
necessary to examine the deflections of various heights. Time 
and distance can be measured with great accuracy by this 
method. 

For measuring rotational speed of motors or generators, a 
small constant-field generator has been found very satisfactory. 
The wave shape being comparatively free from high harmonies, 
it therefore gives a curve sufficiently smooth for the required 
accuracy. 

Vibrations of any parts made of magnetic material or to which 
a piece of magnetic material can be attached without changing 
the vibrations appreciably, have been successfully recorded by 
the oscillograph using the variations in the reluctance of the 
magnetic circuit through an exploring coil placed near the 
vibrating part. In order to measure this vibration accurately, 
the Vibration Recorder , described by Mr. A. V. Mershon 
(A. I. E. E. Trans., Vol. 45, p. 1007,1926) was found very useful. 
This same apparatus has been adapted to the measurement of 
pressure variations by means of a steel diaphram. This has 
been used for measuring pressure variations in the draft tube 
under a large water wheel as well as for obtaining indicator 
diagrams of the pressure inside an electric household refrigerator 
unit (General Elec . Rev., Vol. 31, p. 526, 1928). 

The applications of the oscillograph for timing purposes have 
been too numerous and varied to describe here. A portable 
timing device controlling a vibrating reed or timing vibrator is 
best adapted for very slow records. The voltage wave of known 
frequency is satisfactory for the great majority of tests while in 
some cases where great accuracy is required, the use of a tuning 
fork such as described by Dr. Curtis in the paper mentioned 
above is very satisfactory. Measurements have been made of 
the time required for the explosion of dynamite as easily as that 
of the time of operation of an oil circuit breaker. 

In addition to the above applications to the measurement of 
non-electrical quantities are those in which the emphasis is 
placed on recording the variations in such quantities. Sound 
was recorded with the oscillograph by Mr. L. T. Robinson in 
19.05 (A. I. E. E. Trans., Vol. 24, p. 212). This has developed 
into the present talking-movie recording apparatus. 

The oscillograph was also used with a special galvanometer for 
recording heart beats. This too has developed into a special 
instrument, the “electro-cardiograph.” 

When new apparatus of any kind is being developed, it is 
usually found that the oscillograph can be used to advantage in 
solving some of the problems which arise. 

Bela Gatis Applying a microphone and an oscillograph, the 
curves show quite distinctly the difference between a new and a 
used gasoline engine. In the same manner, the microphone and 
oscillograph can be used for studying various noises and for 
determining means for abatement of the noises, for instance in 
the subway. The oscillograph and its accessories are too ex¬ 
pensive as yet for a private engineer. Perhaps the proposed 
Navy reserve institution could supply our Institute with an 
oscillograph equipment closet where each engineer could work 
on his special problem. 

The noise of a cruiser can be detected in 12 km. distance, and 
by the noise a sound-governed torpedo ean be released. It is to 
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the interest of the Navy to support these and similar investiga¬ 
tions and researches. 

A. V. de Forests In connection with the oscillograph on 
non-electrical measurements, I should like to mention further a 
matter which has been already spoken of, and that is the carbon 
pile, devised by Peters at the Bureau of Standards. It seems to 
be working out into an exceedingly flexible mechanism for 
pressures and motions of all kinds and along with it there is a 
twelve-element oscillograph that Peters has worked up which is a 
very compact and pleasant piece of apparatus to use compared 
with the ordinary oscillograph of some years ago. 

That particular field seems to be opening up commercially 
into all kinds of directions. I have recently seen some figures 
on the stresses in track bolts made by that method that looked 
extremely suggestive of the possibilities of redesigning all kinds 
of members subjected to unknown stresses. 

W. B. Kouwenhoven : One of the previous discussors has 
mentioned the electrocardiograph, which is used by medical men 
for studying the heart. Doctors are using electricity more than 
ever in their work. At Hopkins I often receive the query from 
our Medical School, “Can we do this electrically?” I think 
that it behooves the electrical profession to help them whenever 
possible, and to aid them in properly applying electricity to their 
work. 

One of the latest non-engineering electrical measurement 
problems that I have worked on is the determination of the effect 
of diet on teeth. A poor tooth is more porous than a sound one 
and is more quickly permeated by a solution. The teeth of 
animals that have been fed special diets are extracted, and tested 
as follows: The nerve space of the tooth to be tested is filled with 
mercury; which serves to make electrical connection to the inside, 
and the tooth is then partly immersed in a conducting solution. 
It is connected in one arm of an a-c. bridge and its resistance is 
measured at certain intervals of time. The decrease of resistance 
with time of immersion is more rapid with poor teeth than with 
good ones. 

G. D. Floyds The measurement of non-electrical quantities 
affords an opportunity for combining more than one quantity on 
the same element of an oscillograph, the reason being that in 
most of these measurements of non-electrical quantities, the 
unidirectional electrical quantity is recorded on the oscillograph. 
In this case it is possible to take an alternating quantity and 
place on the same element the unidirectional quantity, giving 
what one might call a bias to the combined measurement and 
detracting nothing from either quantity. I think this point is 
important and could be made use of in a large number of cases. 

Perry A. Borden: The use of the oscillograph for work other 
than the actual determination of current and voltage wave-forms 
has received a great stimulus in the advent of an instrument as 
flexible as that used in the paper under discussion. Those not 
so fortunate as to have at their disposal an instrument giving six 
or more simultaneous records are frequently handicapped, and 
are sometimes forced to resort to peculiar ‘expedients to make 
best use of the equipment at hand. Such an instance is recalled 
in the case of tests performed some years ago in the investigation 
of performance of a remotely controlled hydroelectric station. 
Here it was required to obtain as many simultaneous records as 
possible with an instrument having only three vibrators; and it 
became necessary to “crowd” one vibrator, to the extent of 
having it perform three distinct duties, the record on the film 
afterwards being “unscrambled.” 

The vibrator in question was energized by a battery current 
upon which were superimposed oscillations set up by a tu n i n g 
fork, thus establishing a standard of time. The main current 
was periodically interrupted by a contactor attached to the shaft 
of the machine under test/thus giving a count of the revolutions 
of the unit, while the magnitude of the whole current was regu¬ 
lated through a rheostat attached to the gate mechanism of the 
governor. There was thus obtained a record in which the height 


from the zero line represented gate opening, while the periodic 
breaks in the line showed revolutions of the generator shaft; 
and the ripple introduced by the tuning fork completed the data 
from which could be plotted the desired curves of velocity against 
gate opening, leaving the remaining vibrators free for the re¬ 
cording of electrical phenomena. 

C. A. Meads In a recent meeting of the Iron and Steel 
Institute, W. B. White of the American Steel and Wire Company 
gave a very interesting discussion of his research work in con¬ 
nection with steel wire, piano wire principally. That has 
caused considerable interest in connection with piano tuning and 
the loading of steel wire, etc. He has taken some Very interesting 
oscillograms showing that the touches of various pianists differ, 
the same note being struck by different artists not being re¬ 
produced identically. 

F. J. Schlink: One very simple method of ’obtaining the 
necessary variation of resistance for use in recording by the 
oscillograph, has not been mentioned: that is, a rheostat, made by 
winding a fine enameled wire on a cylinder with adjacent turns 
touching, and then removing the enamel insulation along ono 
element of the cylinder by the use of a fine abrasive like crocus 
paper. In this way steps of resistance as small as two or three 
thousandths of an inch can easily be obtained without the neces¬ 
sity of piling up thin conducting and insulating plates which 
then have to be laboriously calibrated as to the distance from 
contact to contact. In the method described, the enamel wire 
can very easily be wound so that successive turns are in physical 
but not electrical contact, and no calibration is necessary beyond 
determining the diameter of the wire over the insulation. Such 
a device was described by the speaker iu the Journal of the 
Optical Society of America and Review of Scientific Instruments , 
June JL925, p. 661. Very little shop work is necessary, and a 
rheostat of this type can be prepared ready for connection to the 
oscillograph with perhaps an hour’s work. 

Moreover, the contact surface being very perfect, depending 
upon the finish of the cylinder on which the wire is wound, 
motions can be recorded at extremely high speed and in some 
oscillograms taken in this way contacts were made at rates as 
high as 5000 per second with perfect legibility in the oscillograph 
record. It would be interesting to see how small a contact 
interval could be obtained by the use of wire especially drawn 
fdr the purpose and winding facilities devised for the particular 
problem. It may he that steps of one thousandth of an inch 
could be made available by this method with special wire, a 
simple device to assure a light uniform winding tension, and some 
manipulation skill. 

F. G. Graf: I might mention a very interesting application 
of the osiso to the oil industry. The osiso elements are situated 
throughout the area in which a pool has been located and by 
setting off charges of dynamite and making records of the varia¬ 
tions in the vibrations in the ground, the extent of the pool has 
been very accurately plotted. I think that as this application 
becomes better known and is studied further, considerable 
money will be saved not only to the oil industry but probably 
to other mining industries. 

W. B. Batten: The travel indicator described in our paper 
gives a true position—time curve on the oscillogram. This, in 
our opinion, is preferable to any device which varies in steps, 
and we use the step method only when the motion is small as 
in the case of the pressure recorder. A power consumption of 
five or ten watts in the resistance wire has never offered us any 
difficulty. 

There is no constant-field generator suitable for measuring 
rotational speed which, with the exception of homopolar ma¬ 
chines, gives a good wave form. It is not a question of accuracy 
but of appearance. 

On the pressure recorder described in the paper the use of disks 
was adopted because of the difficulty in obtaining satisfactory 
contact conditions when the pointer moved directly over the 
turns of a rheostat. 
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Synopsis.—The objections to unnecessary noises in electrical 
apparatus are becoming so insistent that the manufacturers are 
making every effort to reduce them. In order to attack the problem 
intelligently it is first necessary to determine the amplitude and 
frequency of the components of the complex sounds. The first 
requirement then is a simple portable sound analyzer. Descriptions 


are given of two resonance types which have been developed. There 
is included also a short discussion of the laws of sound variation and 
sound units. Finally there are discussed various applications of 
the sound analyzer to the study of noises in gears, motors, generators, 
induction regulators, loud speakers, vacuum sweepers, and the like. 
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Study op Noises in Electrical Apparatus 

Introduction. Psychologists have found that noise 
reduces human efficiency. This effect may be very 
considerable even for the most phlegmatic individuals. 
Moreover, most of us object to unnecessary noises. 
In recent years there has arisen a very insistent demand 
for quieter electrical apparatus. This applies partic¬ 
ularly to household apparatus such as refrigerator 
motors, vacuum sweepers and the like. In order 
intelligently to attack the problem of reducing noises, 
it is first necessary to study them in detail and resolve 
them into their components. 

That the human ear is very inadequate for such 
purposes is well known. Two examples from our own 
experience will serve to illustrate this. A few years ago 
nine loud speakers, practically alike, were mounted at 
one end of a long hall with an observer stationed at the 
other end. This observer was unable to tell with 
certainty whether or not one of these loud speakers or 
all nine were operating. Ordinarily the human ear can 
detect much smaller differences in sound volume than 
this but the illustration serves to show that under 
certain circumstances the ear is a very poor judge of 
sound intensity. The second illustration has to do with 
the estimate of frequency. A certain member of the 
Laboratory Staff has a very good sense of absolute pitch. 
If a note is struck on the piano this individual can 
usually tell what note it is and give the corresponding 
frequency in cycles per second. There was under test 
in a noise proof room a compressor motor which was 
very noisy, the frequency of this sound corresponding 
to the number of stator teeth. The above mentioned 
observer was asked to listen to this motor and make a 
guess concerning the frequency of the noise. He stated 
that the motor had two frequencies, one at about 350 
and another at 450 cycles per second. As a mat ter of 
fact there was only one frequency of any magnitude and 
this was 900 cycles per second. This shows that one’s 
judgment of frequency may be very poor for unaccus- 

*Of Research Laboratory, Westinghouse Electric &Mftr. Co 
East Pittsburgh, Pa. 


tomed sounds. Many have known of cases where an 
inspector has rejected a machine one day because of noise 
and the next day passed the same machine without any 
change in the apparatus having been made in the mean 
time. Such a thing may happen because the room 
noises were greater on the second day than on the first 
or perhaps simply because the inspector had had a good 
breakfast or for some other reason was in an amiable 
frame of mind. 

Theory. The sensation of loudness is a function of 
the sound energy but is not directly proportional to it. 
For a given frequency the loudness is approximately 
directly proportional to the logarithm of the r. m. s. 
sound pressure. This is a form of Weber's law; namely, 



Fig. 1—Maximum and Minimum Limits op Audibility. 

Loudness (sensation) = K log 10 pressure (stimulus) 
where K is a function of the frequency. The r. m, s. 
pressure is a function of the frequency (J) and amplitude 
(a) thus: 

V » 41.2 (2 ttJ a) dynes/cm. 2 
Fig. 1, due to the Bell Telephone Engineers, 1 shows the 
maximum and minimum limits of audibility as a func¬ 
tion of sound pressure and frequency. The ordinary 
speech range is given by the cross hatched portion. 
Of course the minimum limit of audibility curve is an 
average for many observers and corresponds to per¬ 
fectly quiet conditions. 'With ordinary room noises 
present th e limit would be raised very considerably. 

1. Fletcher, *‘Useful Numerical Constants of Speech and 
Hearing,” Bell System Technical Journal , Vol. IV, July, 1925. 
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Above the maximum audibility limit the sensation is 
that of feeling or even pain. 

In order to obtain arbitrary loudness units which 
may be used for comparing various sounds, the audibil¬ 
ity range has been divided into ten equally spaced 
sections (double log paper), each section corresponding 
to ten units. Such curves are shown by Fig. 2 as a 
function of r. m. s. pressure and frequency. These 


Figs. 3 and 4 show diagramatically two types of analyzers 
which have been constructed. Referring to Fig. 3, the 
pick-up consists of an electro-dynamic microphone 
feeding into a step-up audio-frequency transformer, 
vacuum-tube amplifier, and step-down transformer. 
The resonant circuit of the analyzer consists of a fixed 
inductance and variable condenser. The voltage across 
the non-inductive resistance with a variable tap is fed 



Fig. 2—Loudness Units for Comparing Various Sounds 


curves apply to single frequencies only. For a com¬ 
posite sound the loudness is proportional to the loga¬ 
rithm of the sum of the components weighted with 
respect to frequency, as shown by Steinberg 2 and 
Kingsbury 8 in the Bell Telephone Laboratories. 

Sound Analyzers 

Various devices for measuring the sound components 
of recurrent phenomena have been developed. The 
analyzers used for the investigations about to be de- 





Fig. 4 —Second Noise Analyzer 


into a second amplifier, a step-down transformer, and a 
d-c. milliammeter and copper oxide rectifier. Obviously 
if a sound having a frequency component corresponding 
to the setting of the resonant circuit impinges on the 
microphone a reading will be obtained on the d-c. 
meter. If the analyzer circuit is not in resonance it 
will offer such a high impedance that the particular 
frequency in question will not produce sufficient current 
in the analyzer circuit to produce an appreciable drop 
in the non-inductive resistance. The second type of 
analyzer (Fig. 4) is similar to the first except that the 
sensitivity control is transferred to the microphone 
circuit and the analyzer circuit is arranged differently. 
In this ease the resonant arrangement provides prac¬ 
tically a short circuit for the secondary of the second 
transformer except when timed to the incoming fre- 


Microphone •*» 



m£3E» Meler 


Fig. 5—Method of Calibrating Analyzers 


Fig. 3—First Noise Analyzer 

scribed were of the simple resonance type. Other 
analyzers using different methods and usually much 
more complicated have been built and used where it 
was not essential that the analyzers be portable. 

2. J. C. Steinberg, “The Relation between the Loudness of a 
Sound and Its Physical Stimulus,” Physical Review, Second 
Series, Vol. 26, pp. 507-23, October, 1925. 

3. B. A. Kingsbury, “A Direct Comparison of the Loudness 
of Pure Tones,” Physical Review, Second Series, Vol. 29, pp. 588- 
600, April, 1927. 


quency. When the tuning corresponds to a certain 
component of the sound frequency, the analyzer circuit 
offers a high impedance to this frequency and an 
appreciable voltage is applied to the input of the second 
amplifier. The rectifier for this second analyzer makes 
use of a vacuum tube rather than a copper oxide rec¬ 
tifier. The second analyzer gives a meter reading 
which varies very considerably with frequency for a 
given sound pressure. This is no serious disadvantage, 
however, since the analyzers are calibrated over the 
whole range of frequency. 
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The method of calibrating is as follows: (see Fig. 5) 
An electro-dynamic loud speaker capable of going to low 
frequencies is excited from a variable frequency sine 
wave source of'voltage. In front of the loud speaker is 
placed the electro-dynamic pick-up of the analyzer to be 
calibrated. Beside the analyzer pick-up is placed 
another very carefully built electro-dynamic pick-up, 
the constants of which are known; namely, for a given 
sound pressure the generated voltage can be calculated. 
This standard microphone is connected through an 
amplifier to a milliammeter. This amplifier combined 
with the milliammeter is calibrated between input volts 
and milliammeter readings. Since the r. m. s. sound 
pressure is directly proportional to the generated volt¬ 
age the pressure can be estimated directly from the 
reading of the milliammeter. Next a sine wave a-c. 
voltage of a known frequency is applied to the loud 
speaker element, the analyzer adjusted for a maximum 
reading by moving the variable condenser and the 
condenser setting and the meter reading noted. This 
gives an amplitude and frequency point on the calibra¬ 
tion curve of the analyzer. This is repeated for various 
frequencies arid amplitudes until the complete calibra¬ 
tion curves have been obtained. 

In connection with noise studies it is often necessary 
to measure mechanical vibrations as well. For this 
purpose an electrical phonograph pickup specially 
adapted for the purpose, together with an amplifier 
and osiso, has been used. Such apparatus has been 
developed by Mr. J. W. Legg. 4 An apparatus of this 
kind can be readily calibrated for amplitude. If a two- 
element osiso is used, a study of vibration phase angles 
as well as frequency and amplitude may be made. 
This frequently makes it possible to trace the noise 
further to its source by finding the particular surface 
from which the disturbance is radiated. The mode of 
vibration of the surface can also be determined and then 
it is possible in a large number of cases to arrive at the 
direct cause as well as to prescribe a remedy. 

Applications 

We shall now proceed to describe certain typical 
applications for the analyzers which have been made. 

I. Gears. One of the first applications made of the 
noise analyzer was for the purpose of studying electric 
railway motor gear noises. These noises are of three 
general types: 

a. Ringing noises which are the same as those which 
appear when a gear is struck with a hammer. 

b. Tooth frequency noises. 

c. Hobbing noises which are a result of imperfections 
in the gear cutting machine. 

The ring ing noise occurs only at no-load. This 

4. J. W. Legg, Expansion of Oscillography by the Portable 
Instrument, A. I. E. E. Jock., Vol. 42, pp. 106-11, February, 1923. 

J. W. Legg, “Oscillography,” Elec. Jour., Vol. XXIV, No. 6, 
pp. 268-72; No. 7, pp. 341-46; No. 8 pp., 398-405; June-August, 


can readily be noted, frequently, when the power is 
shut off and a trolley car is running down hill. The 
frequency is usually of the order of from 1000 to 2000 
cycles per second. If the gear is struck with a hammer 
when stationary its ringing frequency may be deter¬ 
mined by means of a noise analyzer. The frequency of 
pinions is usually so high as to be above theaudio range. 



Fid. 6— On ah Noise Tests 


This ringing noise can easily be eliminated by a method 
devised by Mr. R. E. Peterson which will be described 
in a paper soon to be published by him. 

When the gears are running there is given forth a noise 
having a frequency which is proportional to the gear 
speed and number of teeth. The pitch is usually much 
lower than the ringing frequency. 

If the master gear on the gear cutting machine has 
imperfections in the teeth, which sometimes occurs, the 
gears which are cut by this machine will have a fre¬ 
quency when running corresponding to the rev.*per min. 
and number of teeth on the gear cutting machine. This 
is known as the hobbing noise. 



Fxa. 7 —Gear Noise Tests 


If a set of gears is put in operation and the various 
frequencies are determined by the analyzer, it is very 
easy to determine the gear, or gears, responsible for the 
noises because the ringing and tooth frequencies are 
already known or can easily be determined. Any other 
frequency must be due to imperfections in the cutting 
of the teeth. Figs, 6,7,8, and 9 show some typical gear 
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noise tests made on commercial somewhat imperfect 
gears as a function of load and frequency. 

Electric Motors and Generators. There are several 
causes of noise from rotating electrical machines as 
follows: 

a. Tooth frequency noises (stator and rotor). 

b. Windage (fans). 

c. Natural period of frames. 

d. For single-phase motors, variations in torque 
and forced frame vibrations. 



Rev. per min. 


Fig. 8—Gear Noise Tests 

In induction motors having rotor slots there is nearly 
always an appreciable amount of vibration which is 
proportional to the number of stator and rotor teeth 
and the rotor speed. These noises are the result of 
reluctance pulsations which produce vibrations of the 
teeth and sometimes the frame. Often these noises are 
very considerably increased as the load becomes larger. 
An interesting case of magnetic noise recently came to 
our attention in connection with a salient pole syn¬ 
chronous machine. This machine produced a very 
considerable noise having a frequency corresponding to 
the number of stator teeth and the rotor speed. An 
analysis showed that the pole width and stator slot 
pitch were such that at one instant practically three 
teeth were under the pole and an instant later when the 
pole had advanced one-half a stator slot pitch practically 
four teeth were under the pole. This gave rise to very 
appreciable reluctance pulsations between the rotor and 
stator. This condition probably would not have pro¬ 
duced any appreciable noise if it had not been for one 
further unfortunate circumstance. The pole pitch 
was such that at a certain instant several adjacent poles 
were subjected to approximately minimum reluctance 
conditions and then an instant later to maximum reluc¬ 
tance. This resulted in a very considerable frame 
vibration having the frequency noted above. 

When motors are supplied with ventilating fans it is 
quite usual to obtain appreciable noise which is a 
function of the motor speed and the number of blades 
on the fan. This is known as the siren frequency and 
often consists not only of the fundamental but also of 


harmonics. Other portions of the rotor also may pro¬ 
duce siren frequencies. 

It occasionally happens that a machine may be 
operated at such a speed that some frequency com¬ 
ponent may be very close to the natural period of the 
frame or some other portion of apparatus. In this 
case noises may be produced which are considerably in 
excess of those which occur at some slightly different 
speed. A slight change in speed will reveal such a 
condition. 

Single-phase, 60-cycle motors almost always have 
appreciable 120-cycle noises. These are due to torque 
variations or to frame vibrations. Also not infre¬ 
quently harmonics of 120-cycles may appear. 

In studying noises from small motors where the 
sounds are of no great magnitude and the microphone 
is placed close to the motor, care must be taken to 
shield the microphone from stray fields or to keep it 
sufficiently far removed from the apparatus under test. 
Otherwise, odd harmonics of the voltage will appear 
in the analyzer which are not caused by the sound. 

Induction Regulators. For 60-cycle regulators sound 
analyses so far as we have observed will always show 
that the frequency consists mainly of a 120-cycle 
component. In the past it has usually been thought 
that when a regulator was particularly noisy the causes 
were dissymmetry in the magnetic fields and loose 
bearings. Recently some three-phase regulators were 
studied to determine the source of the noise by means of 
the vibration apparatus mentioned above. The phono- 
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Fig. 9—Gear Noise Tests 

graph pick-up and amplifier were connected to one 
element of an osiso, a second element being operated 
from the exciting current of one of the phases in order to 
supply a phase reference point. Vibration measure¬ 
ments on the rotor and various parts of the stator dis¬ 
closed the fact that the rotor movements were much 
less than the stator vibrations and there were no 
appreciable torque vibrations. It was disclosed that 
the stator punchings and frame assumed an elliptical 
form, the ellipse revolving with the rotating field. 

Obviously then the method of minimizing the noise 
from this particular type of regulator was to stiffen up 
the stator punchings and frame. 
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Vacuum Sweepers . These household devices operate 
at a very high speed, usually of the order of 10,000 
rev. per min. The various principal causes of noise 
are as follows: 

a. Sweeper fan noises. 

b. Motor and ventilating fan noises. 

c. Unbalance. 



Frequency 

Fig. 10—Noise Analysis op Vacuum Sweeper 

Figs. 10 and 11 show noise analysis results on a well- 
known vacuum sweeper. Fig. 10 gives the noise com¬ 
ponents as a function of microphone millivolts which are 
proportional to sound pressures and Fig. 11 gives the 
same data as a function of loudness units. (See Fig. 2.) 
It will be seen that in terms of loudness units the higher 
frequency components are much more important than 
would be indicated from the sound pressure spectrum, 
due to the greater sensitivity of the ear at the higher 
frequencies. It was found by striking the fan, thus 
causing it to vibrate and measuring the frequencies 
with the noise analyzer, that the sweeper fan had three 
natural frequencies corresponding to three different 
modes of vibration. It will be seen from the spectrum 
that under operating conditions all of these frequencies 
appeared to be giving comparatively large noise com¬ 
ponents. Of course the siren frequency of the sweeper 
fan was a rather large percentage of the total noise. 
The motor ventilating fan gave a surprisingly loud noise 
considering the fact that it was much smaller than the 
main sweeper fan. The particular sweeper under 
test was not very accurately balanced; therefore, a very 
large frequency component of approximately 170 cycles 
resulted. This corresponds to approximately 10,000 
rev. per min. Also there appeared a very appreciable 
second harmonic of the rotational frequency. 

Obviously if an attempt were made to alter this 
sweeper so that it would be quiet it would be of very 
little use to reduce any one component to a small value 
because the total noise could thereby be decreased only 
slightly. The production of a really quiet vacu um 
sweeper is a problem of no little difficulty. 

Loud Speakers. Since its development in connection 
with noise problems, the sound analyzer has found 


other applications. As an example, it may be used for 
obtaining response curves for loudspeakers. While 
other methods now in use may have the advantage of 
greater speed, the use of the analyzer eliminates the 
necessity of a pure voltage wave for the speaker supply. 
This is true since the analyzer can measure the pressure 
of the fundamental of the sound wave produced by the 
speaker and reject any harmonics whether they are due 
to harmonics in the supply or are generated in the 
speaker. 

Conclusions. We might enumerate other examples of 
noise analyses but those given are sufficient for illustra¬ 
tion. The quantitative determination of noise is very 
difficult even with an analyzer due to nodes and sound 
reflections. Noise often varies very greatly in different 
locations around a piece of apparatus and it varies with 
the position of the objects in the room. For the 
accurate study of noise, the apparatus should be taken 
to a sound proof room with deadened walls so that there 
will be little reflection. However, in a large number of 
instances where only one or two frequency components 
are important qualitative results are quite sufficient. 
In other cases when tests must be run under shop condi¬ 
tions only qualitative results can be obtained due to a 
large amount of reflection as well as interference from 
the shop noises. In these cases results can be obtained 
very quickly by means of the analyzer by using head 
phones in place of the meter ordinarily used to m eas ure 
amplitude. Then even though the surrounding noise 
level is very high it is possible to obtain accurate fre- 



Frequency 


Fig. 11—Noise Analysis of Vacuum Sweeper 

quency determinations of the noise being studied. 
Usually if the frequencies of the principal components 
can be determined the cause or causes of the noise can 
be assigned and means taken to eliminate or reduce it. 
Therefore, a qualitative test is very often sufficient to 
enable the designer to avoid similar conditions in future 
apparatus. 

We are greatly indebted to Mr. R. E. Peterson who 
has given considerable assistance and many valuable 
suggestions in the work on gear noise. We also wish 
to acknowledge the assistance rendered by Mr. C.fF. 
Royce in certain phases of this work. 
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Discussion 

H. C. Spechts The method described in this paper is for 
measuring the frequency of noise; however, as manufacturers of 
electrical machines we are also interested in the amount of noise. 
To measure the degree of loudness is very difficult as there is no 
accepted unit for comparison and because of different responses of 
different ears. It is very difficult to agree on a definite maximum 
level of noise which may be considered unobjectionable. Also, 
the loudness depends on the kind of body which is in contact 
with the noise producer. If the natural frequency of the body 
is the same as that of the noise, there may result very great 
amplification. 

Unfortunately, the test of noise in regular production is 
conducted by means of the human ear, which cannot be con¬ 
sidered as very satisfactory, as the ears of different persons are 
not the same and even the sensitiveness of the same person at 
different times is not always alike. Another difficulty is to build 
inside a noisy factory building, a noise-proof room. From time 
to time the room must be opened, at which time the factory noise 
will enter and it will then take some time before the ears of the 
tester are again adjusted for testing. It would be far better to 


have the noise-proof room entirely separated from the factory 
building, but this, of course, would be undesirable on account 
of the cost of transportation. 

J. p. Foltz: I believe the points mentioned by Mr. Spoeht 
were very well taken. We have been confronted from time to 
time with problems of commercial noise testing and it has been 
quite a problem to us inasmuch as it is rather complicated. 
We have to deal with unequal ear sensitivity as regards different 
frequencies as well as surrounding shop noises. In the case of 
induction regulators, however, we have used an entirely different 
principle. We measure the mechanical vibration of the outer 
surface. That eliminates entirely the interference of sliop noises 
and inasmuch as in that case only one frequency exists, the 
variation of sensitivity of the ear also is eliminated. It was very 
easy to devise a commercial test for regulators in that way. We 
have since applied the same principle to gear cases with some 
success and we may be able to extend it to other apparatus. 
The fact is that in enclosed apparatus we do not get any noise 
unless we have a corresponding mechanical vibration to radiate 
that noise, so this principle may in most cases offer bettor possi¬ 
bilities as a commercial test than measurement of the actual 
noise produced. 
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T HIS paper points out that there are numerous 
ways in which electricity and magnetism aid air 
and water navigation, partially describes and 
illustrates some of the less familiar aids which are in 
use or are coming into use, and mentions some aids 
that may come into use. 

Magnetism as an aid to navigation goes back to the 
more romantic probabilities, history, and tradition of 
the past. By tradition natural magnetic iron is said 
to have been known as far back as 2634 B. C.,by history, 



Fia. 1 —Diagram or Crystal-Controlled Aircraft Radio 
Transmitter 

as far back as 800 B. C. The now poetic name “Lode 
Stone” was the name of the natural permanent magnet 
found in Magnesia. The Lode Stone was the first 
magnetic compass used to aid navigation. The at¬ 
tracting power of the Lode Stone and the name 
“Magnesia” gave rise to such names as “magnet” 
and “magnetism.” Speaking broadly, experiments 
with the Lode Stone resulted in the production of 
electric current, as the steel magnet was first made by 
contact with the Lode Stone and later used to produce 
electric current. In other words, the Lode Stone 
was one of the first instruments used as an aid to 
navigation and was an ancestor of dynamo-made 
electricity. 

The word “navigation,” judging from the Latin 
words from which it was made, originally related to the 

♦Part of Symposium on Electrical Measurement of Non- 
Electrical Quantities. 

fConsulting Engineer, Brooklyn, N. Y. 
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moving or propelling of a ship. Now we usually con¬ 
sider that word in connection with the steering of a 
ship. However, electricity aids under both meanings. 
Battleships are driven by a-c. motors and submarines 
are driven from storage battery power by d-e. motors. 
Electric winches are used to pull vessels into dock. 
Electrically driven gyroscopes are used to make ice 
breaking ships roll and to keep yachts from rolling. 
Electric ignition is used in the propulsion of both air 
and marine craft. 

Electric navigation lights and docking or landing 
lights are used for both air and marine craft. Almost' 
every form of electrical communication, si gnaling , and 
remote control device is used as an aid to navigation. 
Even loud speakers with audio amplifiers are used to 



Pig. 2—Wind-Driven Generator with Dbslavriers Self 
Regulating Propeller 

carry the words of the officer on the bridge to men on 
shore when navigating a vessel into dry dock. 

The gyro-compass is a gyroscope but it depends on 
electricity for its motive power and for the operation 
of the control devices that go with it. 

Practically all of the electrical comforts used on 
land contribute to the comforts in the navigation of 
the modern steamships. 

The coming of air navigation is expanding the use 
of electrical devices for aiding that rapidly growing 
navigation. The success of air navigation apparently 
depends largely on the ability of air craft to dodge 
dangerous storms. To do this the air craft must be 
fast and the pilots must know where storms are, how 
violent they are, how much area they cover, how fast 
they are moving, and what direction they are following. 
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More and more information regarding storms is 
being supplied for air craft by wire line and radio com¬ 
munication. The fundamental principle is to collect 
weather information from a number of widely dis¬ 
tributed observers rapidly, translate all of the informa- 



Fig. 3—Mechanism of Self-Regulating Pkopeller 



Fig. 4—Generator Geared to an Air-Craft Engine 



Fig. 5—Hand-Driven Generator for Emergency Aircraft 
Radio Use 

tion into definite statements of storm conditions and 
deliver those statements to the pilots, promptly. 

We have repeatedly seen that great feats have been 
carried out by airplanes and dirigible balloons when 
severe storms were not met and we have seen great 


catastrophies when those craft have met storms. The 
electrical means of communication by wire and by 
radio- applied to the rapid supplying of weather in¬ 
formation to the pilots evidently must be one of the 
greatest aids for successful air navigation. 

The devices to be used for that purpose are the radio 
apparatus on ships, radio and wire apparatus on land, 
and to some extent the cables under the seas. 

The life and property saving ability of the radio 
S. 0. S. call in connection with water navigation forced 
the use of radio on practically all large ships and for 
some years the position of icebergs and other menaces 
to navigation have been regularly reported to ships 
by the same radio communication that is used for other 
purposes. 



Fig. 6—Radio Cabin of Airflanb Roma. Retractable 
Wind-Driven Generator Swung in 

The foregoing electrical aids to navigation need no 
description. The main point about them is that they 
are numerous examples of the electrical engineer’s 
contributions to navigation. There are some special 
electrical aids that will bear some description, such as 
for example, the earth inductor compass, the radio 
compass, and the depth finder. 

There is some relationship between the old magnetic 
compass and some of our more modern aids. The 
magnetic compass, the earth inductor compass, the 
radio compass, and the compass used to follow an 
energized cable in a channel, are all magnetic flux 
indicators. The first two indicate the south-to-north 
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pole direction of the flux lines of the earth. The other 
two indicate the direction of the side movement of 
lines of flux set up at some center such as an antenna 
or other conductor of alternating current and thereby 
are used to locate that center. The first two indicate 



Fig. 9 —Radio Room of the Graf Zepplin, 1928 

Including a 70- and a 140-watt telephone and telegraph transmitter, a 
short wave transmitter, radio compass, and four receivers 


Fig. 11—Waterproof Self-Contained Emergency Spark 
Coil Radio Transmitter 

a steady field while the second two indicate an alter¬ 
nating field of flux that is accompanied by an alter¬ 
nating electric field. 

The magnetic compass is a polarized iron armature 
that is attracted into a position which is parallel to 
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the earth's flux. The earth inductor compass is a 
dynamo, its poles are the north and south poles of the 
earth, and its rotating armature consists of loops of 
wire connected to commutator segments. 


from a maximum to a minimum phase difference in the 
alternating fluxes. When the planes of these loops are 
at right angles to the direction of the source of the 
alternating magnetic flux the minimum current is set 
up, and that indicates the direction of the source. 



Pig. 13—Generator Unit Driven by a Gasoline Engine, 
for the Advance-Parties op the Byrd Antartic Expedition 

This expedition includes in its equipment 33 radio transmitters and 
receivers for use in navigating the air, water, and ice. Two radio com¬ 
passes will be used at base locations suitable for triangulation to locate all 
planes and ice navigating parties. Dry batteries and gasoline engine- 
driven generators are provided for locations where ship power is not 
available 



Fig. 14—Schematic Representation op the Earth Inductor 

Compass 


The other two compasses may be said to be of the 
stationary armature type that are cut by alternating 
magnetic fields. They consist fundamentally of sin¬ 
gle loops that may be revolved to positions for cutting 


Earth Inductor Compass 
The earth inductor compass is the device that is 
most closely related to the old magnetic compass. 
In an airplane the compass must be close to the pilot 
or navigator where he can see it. But there ma y be 
iron nearby which makes the magnetic compass in¬ 
accurate. The revolving coil of the earth inductor 
compass can be located at some distance from inter¬ 
fering iron and the current from it can be conducted to a 
galvanometer located where the pilot or navigator can 
see it. 



Fig. 15—Earth Inductor Compass Wind Mild and 
Generator 

The earth inductor compass is a d-e. dynamo in 
which the magnetic field is supplied by the earth. It 
will be seen by reference to Fig. 14 that a windmill at 
the top revolves a one-turn armature winding con¬ 
nected to a commutator, to cut the earth’s north-to- 
south field, and that the brushes connect to a meter. 
Also it will be noted that the position of the brushes 
can be shifted. The meter is a d-c. galvanometer; 
therefore if the brushes are set in one position a maxi¬ 
mum deflection will be obtained when the windmill is 
turning the armature rapidly. With the brushes 
moved to a position at right angles no deflection will 
result. By revolving the brushes an additional ninety 
degrees a reverse deflection will be obtained. Since 
the field is fixed in space, turning the whole instrument 
produces the same result as shifting the brushes the 
same amount. 

If the device is mounted on an airplane and the 
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plane is headed in the direction it is to follow and the 
brush controller is turned to produce ho deflection on 
the galvanometer, there will be no deflection so long 
as the plane continues in that course. If the airplane 
turns off course to the left the galvanometer pointer 
will move to the left and vice versa if the plane heads 
to the right. Should the airplane be turned com¬ 
pletely around, the galvanometer pointer will move 
to the right when the plane moves to the left. The 
device is used in the simplest way by starting the plane 
in the direction it is to go, turning the brush controller 
to put the galvanometer pointer on zero, and then 
steering the plane so the pointer will remain on zero. 

Fig. 15 shows the horizontal type of self adjusting 
windmill at the top and the case below which contains 
the revolving armature, in gimbals that permit fhe 



Pig. 16—Controller of the Earth Inductor Compass 

revolving armature to-remain .vertical by its gyroscopic 
action when the plane heads up or down. Fig. 16 
shows, the brush controller and Fig. 17 shows the 
galvanometer. 

While the principle is simple, fine workmanship is 
required to produce an accurate and strong instrument. 
For example, flexible shafts are used and the copper 
commutator with its silver brushes revolves in filtered 
oil with a wiper on the commutator to remove tiny 
particles of metal. The armature winding includes 24 
sections of many turns each. The armature develops 
about 1.5 millivolts at 1800 rev. per min. 

Radio Compass 

A radio compass, direction finder, or goniometer is a 
radio receiving device which permits determination 
of the line of travel of waves as received from a trans¬ 
mitting station. 


According to the usual explanation, radio waves are 
composed of two parts,—an electric part and a mag¬ 
netic part. The electric part moves up and down from 
the earth and may be imagined to be like the ripples in 
water that spread out when a stone is dropped into 



Fig. 17—Galvanometer or Indicator op the Earth 
Inductor Compass 



Fig. 18—U. S. Naval Radio Compass 
at Cape Hinchinbrook, Alaska 

The second story contains the coil. The platform with railing, above the 
coil, is for the calibrator and his transit while following the course of the 
calibrating ship. An underground control cable leads to the transmitter 
which is located at a distance sufficieiit to avoid affecting the accuracyTof 
the compass 

the water, mat is, the electric portion of the electro¬ 
magnetic waves move out about the same way from 
the transmitting antenna. The magnetic part also 
moves out from the transmitting antenna not as an 
up and down movement but as expanding rings of 
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magnetic flux which are revolving suc cessiv ely in 
opposite directions parallel to the earth’s surface about 
the transmitting antenna. The change from a maxi¬ 
mum in one direction to a maximujn in the other occurs 
in a sinusoidal manner; therefore if two conductors 



Fxa. 19 —Steamship Type of Radio Compass 

vertical to the earth’s surface are cut by these flux 
lines and one of the conductors is one-quarter of a 
wavelength farther from the transmitter than the 
other, then the currents set up in them will be 90 deg. 
out of phase and if those conductors are connected 
together at the top and bottom, forming a loop, these 
currents will not neutralize each other completely but 
will leave some current due to the phase difference. If 
now the loop is revolved so that both of the vertical 
conductors of the loop are the same distance from the 
station there will be no phase difference and there will 
be no current in the loop. Therefore under ideal 
conditions when a loop antenna is turned broadside 
to the radio station no signal is heard and that is the 
fundamental feature of a radio compass. If the radio 
waves arriving at that point are alwaystiltedforward or 
backward the broadside position will not show a zero 
but a minimum which is usually satisfactory. Also 


if there are certain fixed conductors in certain directions, 
then the flux lines arriving from those directions will 
not be exactly at right angles to the direction of the 
transmitter and the scale of the compass must bs 
corrected accordingly. 

The radio compass must be carefully built, properly 
located, calibrated under service conditions, and cor¬ 
rected to suit the peculiarities of its location. When 
these things are done a good degree and sometimes a 
remarkably fine degree of accuracy is obtainable. 
Otherwise the radio compass is much like the loop type 
of broadcast receiver with which many are familiar 
and with which good or poor directional effects may 
have been obtained depending on the receiver and the 
location. 

The loop antenna or radio compass is not new. It 
is sometimes called the Hertz loop. But as the energy 
in it depends on phase difference, the energy is small 



Fig. 20—The Radio Receiver, Indicators, and Hand 
Wheel of the Steamship Type of Radio Compass 

compared to the energy in an open antenna. It was 
the amplifying ability of the vacuum tube that brought 
the loop back into use long after the days of Heinrich 
Hertz. 

In the United States the Navy Department main¬ 
tains radio compass stations at suitable points along 
the coast lines, Mg. 18. All navigators have the exact 
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location of these compass stations on their charts. 
When a ship wants a bearing during thick weather it 
calls for a navy compass station. A compass station 
replies and asks the ship to transmit for a sufficient 
interval for the compass station to get the ship’s 
bearing relative to the compass station. This informa¬ 
tion is then transmitted to the ship. If two compass 
stations can get the ship’s bearing at the same time, 
the exact location of the ship can be calculated from 
the triangle. Otherwise the ship moves by magnetic 
or gyroscopic compass for a certain distance and then 
gets another bearing from the one compass station, 
thus completing the triangle. 

These compass stations provide free aid to navigation 
in peace time and provide the Navy with stations and 
trained personnel for use in war time. In Europe 



■ am 9CNAL FROM COU. A EaaflaMM 
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Pig. 21—Two-Loop Antenna Transmitting the Signals 

A and N 

If the aircraft approaches the transmitter along the lines 0, 90,180, or 270 
equal volume A and B signals will he received. On either side of those 
lines one will be louder than the other 

similar compass stations are located along the lines of 
air travel. They keep following the craft in the air 
and tell them by radio telephone where they are. 

Pig. 19 shows a type of radio compass that is used on 
steamships. The hollow square at the top is a tube 
containing the turns of the compass loop. That square 
portion is above the top of the pilot or chart house and 
is sturdy to withstand weather. The loop is turned 
by the hand wheel shown below. Fig. 20 shows more 
plainly the hand wheel, compass scale, and radio 
receiver. Similar radio compasses of lighter construc¬ 
tion are used on large aircraft. 

Radio Beacon 

A radio beacon is a radio transmitting station in a 
fixed geographic location which emits a distinctive or 


characteristic signal for enabling mobile receiving 
stations to determine bearings. 

Such a beacon may transmit in all directions, or 
chiefly in one, two, or four directions or it may be 
directive and revolve, giving different indicating 
signals for different directions. When the beacon 
transmits equally in all directions a radio compass is 
necessary for the receiver to determine the direction 
of the beacon from the receiver. The direction of a 
revolving or fixed directive beacon may be determined 
by the receiver without the use of the radio compass. 
With a revolving directive beacon the ship’s radio 
operator can tell when he is at a certain angle from the 
charted beacon he is receiving from because at that 
angle the signals come to him the loudest and the 
character of the signals or revolution timing from north 
or east signal tell him what the angle is. With the 
fixed directive beacon the receiver gets the m ax imum 
signal or characteristic signal when following the path 
along which the beacon sends the maximum signal or 
some characteristic signal. 

For aviation, lowpower marker beacons which radiate 
in all directions but give a characteristic signal are 
located along air routes. If the flyer sticks to his 
course he will hear them one after another as he flies 
near them. Directly over them he will not get a 
signal from a vertical antenna. The combination of 
marker beacons, directive beacons, and weather reports 
by radio telephone can be of great assistance to the 
flyer, who has no space for long range receiving ap¬ 
paratus and a radio compass. 

Fig. 21 represents a directive beacon that sends two 
signals A and N in Morse code at different angles. 
When the flyer is on his course he will hear A and N 
equally well which will make them sound like a dash 
to him. If he gets off to one side of his course the dot- 
dash of the A will be noticeable, if he gets off to the 
other side the dash-dot of the N will be noticeable. 

Fig. 22 shows a circuit diagram of one of the types of 
beacons used. The triangular shaped directive loop 
antenna are shown at the right. It will be seen that 
this apparatus depends largely on vacuum tubes for 
use as radio and audio frequency generators and ampli¬ 
fiers. Such use of vacuum tubes is characteristic of 
present day direction finding apparatus. It is the 
vacuum tube that has made possible many of our aids 
to navigation. 

Fig. 23 shows the general appearance of an air-beacon 
station. Fig. 24 shows the small receiver in shock 
absorbers, that is used on small aircraft for receiving 
radio beacon signals and radio telephone messages. 

Fig. 25 shows a visual device that may be mounted 
on the board in the front of the pilot. It operates 
something like a reed type frequency meter. A 
beacon station sending two signals at two angles and 
modulated to the frequencies of the reeds can cause one 
reed to vibrate farthest when the aircraft is off the 
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course on one side, the other to vibrate farthest when The submarine signal receiver is, in its simplest form, 
oil the other side, and both to vibrate the same amount a small diaphram and microphone button, like a tele- 
w en e is on the course. phone transmitter, connected through a battery to a 

Submarine Signal telephone receiver. 

The electrical submarine signal transmitter is a The submarine transmitter is, for example, suspended 
large tuned steel diaphram driven by alternating current, below a light-ship and actuated by groups of short 



Fig. 22—Circuit Diagram op Modulation Type op Beacon 



Fig. 23—Bureau op Standards Directive Radio Beacon 
at College Park, Maryland 



Fig. 24—Airplane Receiver por Radio Beacon 
and Telephone 


and long signals that are characteristic of that light¬ 
ship. All vessels equipped with submarine receivers 
can pick up those characteristic signals through the 
water when the light-ship cannot be seen through fog 
or when a sound could not be heard over the same dis¬ 
tance through the air. 



Pig. 25 —Reed Type Visual Indicator of the Course 

Such signals have been heard in this way as far as 
80 miles. There are numerous submarine signal 
transmitters of the pneumatic bell and electrical types 
and probably over two hundred steamship lines have 
equipped their vessels with submarine signal receivers. 
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Depth Finding 

Echo depth sounding, the sonic depth finder, and 
the fathometer all refer to the same principle, namely, 
sending a submarine signal from a vessel and receiving 
on the same vessel the sound or echo that is reflected 
from the bottom. 

The submarine transmitter is attached to the vessel’s 
hull and consists of a large tuned steel diaphram driven 
by alternating current. The signal sent is of short 



duration to prevent its interference with the reflected 
sound or echo. 

The receiver sometimes called a hydrophone is a 
telephone transmitter immersed in a smal l enclosed 
metal tank of fresh water on the ship’s hull at some 
distance from the transmitter, Fig. 26. The telephone 
transmitter is connected through its source of direct 
current and a filter for reducing other sounds, to a 
vacuum tube amplifier which operates a relay. The 
relay through an electrically energized transformer 
causes a neon Geisler tube A to glow when an echo is 
received. The motor driven Geisler tube revolves like 


a pointer back of a scale that is transparent at its edge. 
The scale is calibrated in fathoms. The Geisler or 
neon tube pointer makes a revolution in one-quarter 
of a second and every time it passes zero the trans¬ 
mitter is operated by B. Sound travels about 4800 
feet or 800 fathoms per second; therefore the neon 
pointer will travel for one-eighth of a second or half 
way around the scale while the transmitter sound is 
traveling 100 fathoms or 50 fathoms to the bottom 
and 50 fathoms back as an echo and the neon tube will 
glow as it passes the 50-fathom mark on the scale. As 
the ship passes over the hills and holes in the bottom 
the illuminated spot will move forward and backward, 
giving a continuous reading of the depth as it is at 
the moment. By shifting to other connections, greater 
depths may be measured. A dial arrangement is 
shown in Fig. 27, and an example of the profile of 



Fig. 27—The Depth-Indicating Dial 


sea bottom that may be obtained in this way in Fig. 28. 

Combined Submarine Sound Beacon and Radio 
Beacon 

In this, the submarine signal transmitters and 
receivers as described above are used in cooperation 
with a radio beacon transmitter and receiver. For 
example, one key on a light-ship is used to operate both 
a submarine transmitter and a radio transmitter at 
the same time, sending a short signal. The receiving 
ship’s officer listens with head phones that are con¬ 
nected to both a submarine receiver and a radio re¬ 
ceiver. He hears the radio signal almost instantly and 
presses a button that starts a clock. Later he hears 
the submarine signal and presses the button again, 
stopping the clock at a figure which corresponds to 
me number of nautical miles between his ship and the 
light-ship. 

Possible and Probable Electrical Aids to 
Navigation 

There are several electrical schemes which may 
prove to be valuable for use as aids to navigation,— 
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schemes that range all the way from those which have 
been tried and seem to be practical to schemes that may 
be only visionary. 

For example, a device that will enable vessels to 
navigate a narrow, crooked channel, in fog, has been 
demonstrated on large transatlantic liners and naval 
waft by the U. S. Navy Department in New York 
Harbor. By the device a blindfolded helmsman could 
follow a channel. The device is comparatively simple. 
The transmitter includes a single conductor cable laid 
in the bottom of the channel, through which alternating 
current of say one thousand cycles is conducted to its 


One cable carrying a distinctive signal, even speech, 
can be used for incoming vessels and another for out¬ 
going vessels. 

Such a device has been proposed time and again and 
our Navy spent a great deal of money in demonstrating 
its practicability. However, .the device is not used even 
in such an important channel as that leading to New 
York. Its lack of use seems to stand as a criticism of 
the traditions and principles of water navigation. 

It has also beeen proposed to rise that same scheme 
for guiding aircraft across the country. In France 
such a conductor has been installed on a pole line. 



Fig. 28 


outer end which is grounded. The receiver on a steel 
vessel includes two flat coils of wire hung on the port 
and starboard sides of the ship, parallel to the ship’s 
sides and connected to two head phones or other 
indicators. When the keel of the ship is steered directly 
over the cable the responses from the two coils will 
be equal. When the ship gets off on the starboard 
side the greatest response will come from the port-side 
coil and vice versa, until the ship is brought back to 
where it should be. A single coil in gimbals can be 
used on wooden ships, Fig. 29. 


It is proposed to use several high-power Geisler types 
of tubes containing neon or other gases producing light 
which will penentrate farther through fog than ordinary 
light will penetrate. 

Also it is proposed to use the photoelectric cell which 
is more sensitive than the eye to the light rays that 
penetrate fog. The' effect on the photoelectric cell is 
to be amplified to operate an indicator such as a 
galvanometer. 

Aviators are provided with barometers to indicate 
their height above sea level but that is not an indication 
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of their height above the ground unless they know 
where they are and know the height of the ground 
below them. Therefore several devices have been 
proposed to measure height above the ground. 

As aircraft make a great deal of noise it is proposed to 
produce sound signals on those craft which are higher 



Pig. 29 —Locating the Position of a Channel Cable 

[.In which a 1000-cycle current Is flowing, by turning and tilting a single coll 
on a wooden vessel 


Another scheme involves the transmitting of radio 
waves to ground and picking up their reflection on 
the air craft. The strength of the reflected signal 
may work out to be the factor for indicating height or 
the phase relation of the outgoing frequency to the 
reflected frequency may give the altitude in terms of the 
radio wavelength. 

Over a radio beacon using a vertical antenna the 
aviator probably could estimate his height by the 
diameter of the dead area directly above the station. 

The variations of the air dielectric of a condenser with 
altitude has been proposed as a substitute for a 
barometer. 

The future electrical aids to air navigation are 
particularly speculative both as to kinds and quantities, 
but are being taken up very seriously, as will be seen 
from Pig. 30. It is expected that radio will be used a 
great deal for aircraft and even though the air naviga¬ 
tion industry is not sufficiently developed to ask for 
what it needs, the Federal Radio Co mmissi on has 
anticipated that it will need numerous wavelengths 
and therefore has tried to hold wavelengths for aids to 
aviation. 

For illustrations and other assistance in the prepara¬ 
tion of this paper I wish to thank Dr. J. Hi Dellinger of 
the U. S. Bureau of Standards, Dr. Louis M. Hull of 
the Radio Frequency Laboratories, Mr. Haraden 
Pratt of Mackay Radio & Telegraph Co., Mr. Malcolm 
P. Hanson of the Naval Research Laboratory, Mr. 
G. W. Pickard of the Wireless Specialty Apparatus 
Company, Mr. Victor E. Carbonara of the Pioneer 
Instrument Company, Mr. J. E. Colloton of the 
Submarine Signal Corporation, and the Institute of 
Radio Engineers. 



Fig. 30-Laboratory, Hangar, and Landing Field near Completion At Boonton, New Jersey 
E xclusively for research In and development of radio and other aids to air navigation 

in frequency than any of the sounds produced by the Bibliom-anhw 
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the earth, by means of an indicating device tuned to mentioned in this paper. 6 su ' |ec 8 

their frequency. That scheme is similar to the depth ~ “Meteorological Service for Commercial Airways ” C G 
finder used in water navigation except that higher sound Airway Age, p. 22 , September 1928. 

frequencies are proposed. O 9°^ uaioation Service,” Edward B. Craft, Bell 

System Technical Jl., October, 1928, Vol. VII, No. 4 , p. 797 . 























July 1929 


MARRIOTT: ELECTRICAL AIDS TO NAVIGATION 


‘‘Aircraft Instruments for Oversea Navigation,” Victor E. 
Carbonara, S. A. E. Jl , November 1927, Vol. XXI, No. 5. 

“Radio Communication with Aeroplanes,” Robert A. Fliess 
I. R. E. Proc., June, 1915, Vol. 3, No. 2, p. 205. 

“Direction Finders for Aircraft,” J. Robinson, Wireless World , 
7, p. 475; 1919. 

“Radiogoniometric Observations in Airplanes,” P. Franck; 
L'Onde Electrique , 7, p. 109; March, 1928. 

“Wireless Bearings from the Air,” Wireless World and Radio 
Review , 18, pp. 866-868; June 30, 1926. 

“Stationary and Rotating Equisignal Beacons,” W. H 
Murphy and L. M. Wolfe, 8. A. E. Jl , 19, p. 209; September! 
1926. 

“ A Directive Type of Radio Beacon and its Application to 
Navigation,” F. H. Engel and F. W. Dunmore, Bureau of 
Standards Scientific Paper No. 480, 1923. 

“Applications of Radio in Air Navigation,” J. H. Dellinger, 
Engineers and Engineering , p. 301, November, 1926. 

“Space Characteristics of Antennae,” W. H. Murphy, 
Frank. Inst. Jl ., 201, pp. 411-429, April, 1926; 203, pp. 289-312! 
February, 1927. 

“Variation in Direction of Propagation of Long Electro¬ 
magnetic Waves,” A. H. Taylor, Scientific Paper, Bureau of 
Standards, No. 353, 1919. 

“Some Radio Direction-Finding Observations on Ship and 
Shore Transmitting Stations,” R. L. Smith-Rose, I . E. E. Jl , 
(London), 62, pp. 701-711, August, 1924. 

“Apparent Night Variations of Crossed Coil Radio Beacons,” 

H. Pratt, I. R. E. Proc., 16, p. 653; May, 1928. 

“The Cause and Elimination of Night Errors in Radio Di¬ 
rection-Finding,” R. L. Smith-Rose and R. H. Barfield, 

I. E. E . Jl, (London), 64, pp. 831-843; August, 1926. 
“Development of Radio Aids to Air Navigation,” J. H. 

Dellinger and Haraden Pratt, J. R. E. Proc., Vol. 16, No. 7, 
p, 890, June 1928. 

“Aircraft Radio Installations,” Malcolm P. Hanson, I. R. E. 
Proc., Vol. 16, No. 7, p. 921, July, 1928. 

“Naval Radio Compasses Spot Airship as Enemy Craft in 
Flight East,” (Graf Zeppelin), New York Evening World, October 
30, 1928. 

“New York—Rome Airplane Flight and the Byrd Antarctic 
Expedition,” J. R. E. Proc., Vol. 16, No. 10, p. 1291, October, 
1928. 

“Applications of Radio in the Aviation Field,” M. L.. 
Muhleman, Aviation Engineering , Vol. 1 , No. 1 , October, 1928. 

“An Electrical Signaling Method for Guiding Aerial and 
Marine Craft,” R. H. Marriott, I. R. E. Proc., Vol. 8, No. 5, 
p. 345, October, 1920. 

“Piloting Vessels by Electrically Energized Cables,” A. 
Crossley, I. R. E. Proc., Vol. 9, No. 4, p. 273, August, 1921. 


“Improvements in Piloting Cable Receiving Apparatus,” 
I. R. E. Proc., Vol. 10, No. 1, p. 24, February, 1922 


Discussion 

P. A. Borden: In the depth sounding apparatus which Mr. 
Marriott mentioned, the telephone receiver attached to the hull 
of the ship is immersed in a tank of fresh water. I was a little 
puzzled as to why that should be necessary. 

G. D. Robinson: I might venture partially to answer that 
question. A fluid of the same density as water is used within 
the tank to provide transmission of the sound to the microphone; 
with only air in the tank, most of the sound arriving is reflected 
and almost none would reach the microphone. 

E. S. Lee: Of interest on the general subject of the measure¬ 
ment of non-electrical quantities by electrical means is the recent 
measurement of the shaft horsepower output of the electrically 
driven airplane carriers U. S. S. Lexington and Saratoga. Mea¬ 
surements of shaft horsepower output of large ships are usually 
made mechanically by torsion meters as part of the shaft. Elec¬ 
trical measurement is possible in the electrically driven ships by 
measuring the input to the motors and multiplying this by the 
efficiency of the motors. The means are old, but the application 
is new. 

The method was proved several years ago on the U. S. S. Mary¬ 
land where measurements were made with torsion meters and 
electrical measuring instruments at the same time. 

Measurements on the U. S. S. Lexington and U. S. S. Saratoga 
were made by measuring the power input into each motor phase 
with single-phase indicating wattmeters. Ammeters and volt¬ 
meters were used for measuring current and voltage values. 
There being 8 three-phase motors, 24 sets of measuring equip¬ 
ment were necessary complete with current and potential trans¬ 
formers. Calibrations were required to cover a current range of 
five to one, a voltage range of three to one, frequency and power 
factor range of two to one. 

The extent of the measurement can be ascertained from the 
fact that the weight of the measuring equipment boxed, ready to 
ship from Schenectady to the Pacific Coast, was three tons. 
Fifty men were required to observe all electrical instruments, to 
make calibrations, and to supervise the test, in order to get all 
completed results onto the trial board within one-half hour after 
completion of any test. The highest value of shaft horsepower 
output measured was 215,581 shaft hp. As far as is known, 
this is the largest amount of power measured at one time in a 
single test. 

The satisfactory performance of the measurement was a dis¬ 
tinct credit to the application of electrical measuring equipment 
to do this work. 
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Synopsis.—The paper , in addition to surveying the field of 
application of “telemetering” and relating it to “supervisory control” 
presents several innovations in the types of “telemeters ” available . 
Operating requirements and channels available for the transmission 
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of readings are discussed , and an installation of the varying fre¬ 
quency type of telemeter on the Montaup Electric Company 1 s Sys¬ 
tem is described. 

***** 


A I. Introduction readings at a distance were obtained by reducing the 

UTOMATIC performance has been applied exten- transmitted current, as, under this condition, a greater 
sively during recent years to the generation, voltage drop could be tolerated without increasing the 
transmission, and distribution of electrical energy, burden on the instrument transformer. As a result, 
Automatic devices and equipments are very satisfac- the interconnecting leads could be considerably in- 
torily performing duties that were performed only a creased in length. These improvised methods, however, 
few years ago by operators, so that a large number were not suitable for transmitting all types of readings, 
of men heretofore performing important but minor The result was the development of special apparatus 


duties have been released for more active and respon¬ 
sible positions. As a result, today we find stations 
under lock and key, visited only for inspection and 
maintenance. However, it has been found advisable to 
place these stations under the supervision of a power 
dispatcher, to provide for occurrences such as require 
prompt operation of station equipment but do not 
occur in the ordinary automatic cycle. Automatic 
supervisory equipments provide the operator with 
visual indications of apparatus positions, and m eans for 
controlling power apparatus located at remote points. 
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which could be utilized for transmitting the necessary 
readings. This class of apparatus is described as 
“telemetering” equipment. 

II. Quantities or Equivalents to be Transmitted 
The readings to be transmitted by telemetric means 
may be classified according to their use as follows: 

1. Indicating 

2. Recording 

3. Demand 

4. Integrating 


O jr ~ iuuaocu at reillULfcJ points. ctoing 

One example is that of switching in case of fire in a ^he term “indicating” refers not only to readings trans¬ 
section fed by. a power feeder. Another example is fitted for an instantaneous indication, but also to 
that of switching so as to improve the economy of readings that are employed*to actuate control devices 
distribution over an entire power network. To obtain *wch as the tap-changing device on a transformer, or 
the most efficient operation, the dispatcher must be the operating mechanism on an induction voltage 
ame to read electrical quantities at various outlying regulator. Many such devices are now being operated 

SiTt 7 f U ® g6Sted way of doing this is to ^ th e man ually, but probably a great number of them can be 
dispatcher television pictures of the substation instru- operated automatically by suitable telemetering equip- 

‘ to rcadings 

solution, it IS not flt WACflnf nonnrttvtiAnlL* ■!_.L*_l 


solution, it is not at present economically justified. 

This paper deals with the telemetering problem of 
transmitting instrument readings or their equivalents 
from one point to another, which is one of transmitting 
approximate indications and records of quantities from 
remote points and is not one of transmitting quantities 
for metering and billing purposes. 

When readings were required over relatively short 
distances, the permissible length of the leads of instru¬ 
ment transformers and shunts was sufficient for the 
transmission of information. However, the distances 
between the point of metering and the point of indica¬ 
tion soon became greater than could be reached by 
instrument transformer leads, and other methods were 
sought fo r transmitting the information. Current 
1 . All of the General Electric Co. 

Presented at the Winter Convention of the A.I.E. E., New York 
N. Y., Jan. 28-Feb. 1,1929. ’ 
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used to actuate instruments that give a detailed per¬ 
manent record of operating conditions. The term 
integrating” refers to readings used directly to actuate 
an integrating device totalizing readings over a period 
of tune. The term “demand” refers to readings 
transmitted to record the short time power demand of a 
network. 

Experience indicates that the following list includes 
the quantities that are needed most commonly, arranged 
m order of the frequency of their probable application. 


1 

2 . 

3. 

4. 
• 

5. 

6 . 


A-c. amperes 
A-c. watts 
D-e. volts 
A-c. volts 
Totalized watt-hours 


7. 

8 . 

9. 

10 . 

11 . 


Reactive volt-amperes 12 . 
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D-c. amperes 
D-c. watts 
Volt-amperes 
Frequency 
Power factor 
Various quantities used 
in industrial applica¬ 
tions 


29-31 
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III. Operating Requirements 

The following enumeration is intended to include all 
possible variations in operating conditions under which 
readings may be transmitted. 

A. One reading transmitted continuously. 

B. One reading transmitted continuously for the 
control of a device. 

C. A plurality of readings transmitted continuously. 

D. A plurality of readings distributed to integrating, 

indicating, and recording instruments, and control 
devices. 

E. A plurality of readings, one at a time at the call 
of the dispatcher through a supervisory equipment. 

F. One reading from each outlying station or a total¬ 
ized reading from each group of outlying stations. 

IV. Channels 2 Available for the Transmission of 
Readings 

In the design of a telemetering equipment, it is neces¬ 
sary to study the channel limitations and to design the 
terminal equipments accordingly. For economic rea¬ 
sons, it is desirable to have as many readings as possible 
transmitted through a given channel. The optimum 
number of channels depends on, among other factors, 
the distance of a proposed transmission. Some equip¬ 
ments can be adapted to long distance transmission and 
others only to the shortest distance. The choice 
depends very largely on economic factors, although 
there are engineering features that must also be con¬ 
sidered. Some methods require very expensive and 
complicated terminal apparatus. It is out of the ques¬ 
tion to apply such types of equipment to tr ansmiss ion 
over very short distances. A terminal equipment that 
is simple, but requires the use of more than one channel, 
may be economically practical where the cost of addi¬ 
tional channels is not excessive. 

There are three important types of channels; multi¬ 
conductor cables, wire construction, and transmission 
lines. The first two, cables and wire construction, 
are essentially metallic connections, though in some 
instances it is the practise to install insulating trans¬ 
formers to protect terminal equipments from high 
electrostatically or electromagnetically induced volt¬ 
ages. The third type of channel, the transmission line, 
requires the use of additional terminal equipment and 
coupling capacitors. For this reason, the transmission 
line as a telemetering channel is expensive for short- 
distances, and is suitable only for longer-distance 
transmission or for short-distance transmission where 
it is impracticable to obtain metallic channels. Specific 
cases will determine the economies of the application. 

Important limitations in connection with the use of 
telephone lines for telemetering indications relate to 
the allowable current, voltage, and energy levels. 

If the channel is owned by the telephone company, 
the restrict ions as to energy level are definite because the 

2. The word “channel” as used in this paper refers to the 
path over which the readings are transmitted. 
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telephone company must protect its communication 
channels against excessive interference. Some types 
of telemetering equipments can be used to tr ansmi t 
readings when a conversation is taking place over the 
same channel, whereas other types cannot be used in 
this way because the operating frequency may cause 
interference. 

Telemetering systems employing direct current 
impulses or high frequency alternating current may in 
general make use of these channels without seriously 
interfering with telephonic communication. 

V. Terminal Equipments 
Several successful types of terminal equipments are 
described below. The equipments were designed to 
satisfy the demands discussed in the previous sections 
of the paper. 

A. The Inverse-Current Type. A successful tele¬ 
metering system, described in previous papers, and in 
use since 1917 on the Chicago, Milwaukee and St. Paul 
Railroad, indicates at a dispatcher's office the total 
power taken from the high tension transmission lines 
at several points. This system uses the inverse current 
principle that is, the current flow in the metering 
system is inversely proportional to the power taken from 
the high-tension transmission lines. This scheme of 
remote indication has proved very satisfactory and 
reliable. 

B. Selsyn Type. One of the simplest systems for 
remote indication consists essentially of two Selsyn 
motors. A Selsyn motor is an alternating-current 
motor with a three-phase stator winding and a single¬ 
phase rotor winding. When two or more such motors 
have their stators connected together and their rotors 
excited from the same single-phase alternating-current 
source, the rotors take the same relative angular posi¬ 
tions. When one rotor is deflected, the rotors of all 
the other Selsyns are deflected by the same amount. 
Thus one Selsyn operating mechanically from an instru¬ 
ment serves as a transmitter, and another Selsyn 
located perhaps miles away, taking the same position 
as the transmitter, serves as an indicator. Satisfactory 
remote indication may therefore be accomplished by 
having the receiving Selsyn actuate either the pointer 
of an indicating device or the pen of a recording device. 

When it is desired to operate large remote indicators 
that require more torque than the transmitting instru¬ 
ment is capable of furnishing, a device is used which is 
essentially an amplifier and is known as an indication 
transmitter. 

Selsyns are well adapted for use as remote indicators 
at relatively short distances. They are accurate and 
require little attention. However, the rotors of all the 
Selsyns in the system must be excited from the same 
source of alternating current, and three wires are 
required to connect the stators of the Selsyns. It is 
essential that the matter of rotor supply voltage be 
considered carefully, because in some power systems 



768 


LINDER, STEWART, REX, AND FITZGERALD: TELEMETERING Transactions A. I. E. E. 


the electrical angle between substations a short distance 
apart may be as much as 20 or 30 degrees. 

It has been found that a transmitting Selsyn will 
actuate a remote indicator through lines that are 
equivalent to two miles of standard No. 19 B. and S. 
telephone cable. A remote recorder will operate 
satisfactorily over half of this distance. If an “in¬ 
dication transmitter” is "used, the indication may be 
transmitted through an equivalent of from 12 to 30 


age readings is a transformer operated from the sec¬ 
ondary side of the main current transformer. The 
secondary winding is tapped at the middle; this is 
done in order to obtain full wave rectification of the 
power taken from the rectifier transformer. 

In case it is desired to obtain a measurement of poten¬ 
tial instead of current, a rectifier transformer is operated 
from the potential transformer in a manner similar 
to that used for the current indication. The voltage 




Fig. 1a—Rectified Current Transmitter 

miles of cable, depending upon the type of receiver 
employed. 

C. Rectified Current Type. When it is desired to 
transmit readings of a-c. amperes and a-c. volts a very 
simple device, shown in Figs. 1 , 1a, and 1b, is available 
which consists only of an instrument transformer, a 
rectifier, a transmission channel, and a milliammeter. 
transmission by direct current instead of alternating 
current eliminates all trouble due to pilot-wire indue- 
tance and capacitance. 

The rectifier transformer used In obtaining the volt- 


Fig. 1b—Rectified Current Transmitter 

across the secondary winding of this rectifier trans- 
formeris dependent on the resistance of the load circuit. 

The burden that each rectifier transformer imposes 
on the instrument transformer is approximately 10 
volt-amperes, except that for the current transformer 
the burden is nearly doubled when the protective 
spark gap operates. Thus, there is very little chance 
tor overloading the instrument transformers with this 
equipment.- 

The full-wave rectifier in the secondary of the recti¬ 
fier transformer is of the hot-cathode type. The rectifier 
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and metering circuit is as follows: The two terminals 
of the rectifier transformer secondary are connected 
to the anodes of the rectifier. The rectifier alternating 
current passes from the cathode of the rectifier through 
a pilot wire, a milliammeter at the receiving station, and 
another pilot wire back to the midpoint of the secondary 
winding of the rectifier transformer. The filament of 
the rectifier tube is excited from the secondary of a small 
transformer connected to the 110-volt a-c. source. 
In order to obtain long life the filament is allowed to 
operate continuously. This is because with intermit¬ 
tent operation the life would be shortened by the re¬ 
peated heating and cooling of the filament. 

The combined resistance of the line, receiver, com¬ 
pensating resistance, and the protective resistor of 
2500 ohms, is 5000 ohms. Adjacent to the rectifier are 
located a condenser for smoothing out the rectified 
current, the current-limiting resistors, and the resistors 
for the purpose of compensating for line resistance. 

The receiver is a standard direct-current indicating or 
recording instrument of the d’Arsonval type. It is 
calibrated in terms of the unit being measured. 

A protective spark gap integral with the rectifier 
transformer is connected across the secondary to 
prevent the voltage across that winding from rising 
excessively in case of an open circuit. 

The principal protection against high voltage on the 
transmission channel is the neon glow tube; if the volt¬ 
age across the transmission channel rises excessively 
as it does on open circuit, the neon glow tube takes the 
current and causes the voltage to drop. Finally, the 
circuit from the rectifier to the remainder of the terminal 
equipment is so arranged that no current can pass unless 
the neon glow tube is in place. A secondary protection 
against high voltage on the channel wires or on the 
transmitter is a disk film cutout. This is connected 
between the negative and positive wires as shown in 
Fig. 1. In case the voltage between these two points 
rises to several hundred volts, the cutout will break 
down and will short-circuit the transformer. This is 
what would happen if the neon tube became inoperative, 
or if the line-resistance compensator became open 
circuited. 

It. is evident that when the rectifier type of tele¬ 
meter is used to determine a-c. voltage, the resistance 
of the terminal apparatus and channel wires alfects the 
reading at the receiver. Therefore, it is necessary to 
adjust the line-resistance compensator so that the 
receiver operates correctly. In the case where a current 
reading is desired, the line resistance has little effect on 
the reading, because the current transformer must 
maintain ampere turns in the secondary to balance the 
ampere turns in the primary; thus the variation of 
resistance in the line wires does not seriously affect 
the calibration of the equipment when used for current 
readings. 

The reetified-eurrent method is subject to a small 
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error if the wave form of the supply is not sinusoidal. 
This error can be compensated for by a transformer 
ratio adjustment. 

D. The Varying-Frequency Impulse Type. The 
three types of telemeter discussed above have depended 
primarily upon current or voltage magnitudes. Another 
type of telemeter is available which has a different 
principle of operation in that the readings are trans¬ 
mitted by means of impulses, the magnitude of the 
quantity being a function of the rate at which impulses 
are sent. 

The transmitter used in this scheme is a meter of the 
same general type as the watt-hour meter. Since 
the operation of this system is according to the fre¬ 
quency of the impulses, the transmitter is usually 
a rotating device which sets up these impulses by 
means of a contact-making device—usually a small 
commutator. This commutator is geared to the 
motor shaft by a pair of gears of such a ratio that 
with full load (full scale reading) the meter originates 
approximately two impulses per second. Usually, this 
gear ratio is 1:1. The frictional load imposed by the 
commutator and brush is veiy small and is compensated 
for in the light load adjustment of the meter. (Note 
Appendix A.) 

If the impulses from the watt-hour meter are used to 
actuate a speedometer, the speedometer mechanism 
may be calibrated so that its deflection indicates kilo¬ 
watts. The actual receiver is not a simple speedometer, 
but is an analogous device, compensated for the tem¬ 
perature error usually found in speedometers. It is 
adapted to telemetering as follows: the impulses from 
the transmitter are received by a sensitive relay. 
This relay operates a portion of the telemeter known as 
the “rotary relay,” whose function is to translate im¬ 
pulses into intermittent motion. By this means the 
output shaft of the rotary relay turns through one 
revolution for each impulse received. 

This rotary relay consists of a motor controlled by an 
electrically operated latch that allows the motor to turn 
through one revolution each time the latch winding is 
energized by an incoming impulse. The shaft of the 
rotary relay is connected mechanically through a helical 
spring to a system of magnets comprising a flywheel. 
The flywheel possesses considerable inertia and the 
spring takes up the intermittent motion, so that the 
flywheel turns at a practically uniform speed propor¬ 
tional to the average frequency of the impulses received. 
The magnets induce eddy currents in a copper drum 
and thereby tend to produce rotation. The rotation 
of the drum is restricted by a spring, so that the deflec¬ 
tion is proportional to the dragging force, and therefore 
to the speed of the magnets. The deflecting system 
has some inertia and is elastic, and consequently it 
must be damped to prevent mechanical oscillations. 
The deflecting element actuates a pointer or pen to 
serve as an indicating or recording receiver. This 
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instrument when operating on a frequency of two 
impulses per second has a torque of about 2000 gram- 
millimeters. (Note Appendix B.) 

It is very easy to check the operation of either the 
transmitter or the receiver at will by counting impulses. 
If the transmitter is operating correctly, the impulses 
come through with fair uniformity. If the tr ansmi tter 
is not operating properly, either the impulses do not 
come through, or they come through intermittently. 
The relation between the frequency of impulses and the 
receiver deflection is linear. 

The same impulses that operate the indicator may 
also be used to determine both the total kilowatt- 
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Vacuum Tube Telemetering Sustom 
Wire Conductor Transmission 

Fig. 2 Vacuum Tube Telemetering System 
Wire Conductor Transmission 

hours and the demand over a given time interval. 
T-he total kilowatt-hours are obtained by operating a 
counter known as the “distant dial.” The demand is 
determined by operating any of the conventional 
demand meters by the use of the impulses. Thus this 
type of telemeter gives an indication of power, an 
integration of power, and the power demand, from the 
impulses sent out by asinglewatt-hourmeter. Provision 
Aw 1 * 6 made t0 take account of the direction of power 

The summation of two or more readings can be ac- 
comphshed by adding the impulses from the several 
transmitters. This is done by the use of a device 
known as a differential relay. This relay sends out 
a new senes of impulses to operate the receiver accord¬ 
ing to the sum of the onginal impulses. The differen- 
tuU re ay or impulse-totalizing device consists only of 
apparatus; impulse meters, differential 

Spt / eanng ' a damping device > and a contact 
device to produce impulses. A differential relay can be 

designed to supply both additions and subtractions 

SiS? 18 ^ dGSigned f0r a auX of 
circuits with vanous impulse constants 

E Vacuum Tube Type. Fig. 2 shows the apparatus 

which is employed. A small condenser is attached to 

telemetered 611 This^ 1I ^ trument whose wading is to be 
tor condenser is connected to an oscilla- 

fissssr* of *• iatto "*■ 

tht 7 ciUator ’ operating at a frequency dose to 
ttat of the Sat oscillator, has a feed LdeWLd 
therefore furnishes a constant frequency!? S 
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frequency is set up by these two oscillators and is de¬ 
tected by means of a third vacuum tube. This beat 
frequency is relatively low, and varies in accor dan ce 
with the instrument deflection. 

The beat, or telemetering frequency, is transmitted 
over the connecting line to the receiving station, where 
it operates a direct reading frequency meter. The 
frequency meter may be directly energized by the in¬ 
coming signal or an amplifier may be provided, the 
method depending upon the nature of the line, its 
impedance, and on the energy level permissible. 

The frequency meter is furnished with a scale which 
corresponds exactly to that of the distant instrument. 
It indicates at all times the position of the remote 
instrument. The receiving instrument indication de¬ 
pends upon frequency only, and, provided it receives 
more than the minimum power necessary to operate it, 
is not affected by changes in signal strength. Thus any 
changes in the impedance or leakage resistance of the 
line do not affect the accuracy. 

If it is desired to transmit the instrument readings 
by carrier waves, over special conductors, telephone 
hnes, or high voltage power lines, transmitting and 
receiving apparatus very similar to telephone com¬ 
munication equipment, which is already familiar in the 
Central Station field, is employed. 

Fig. 3 is a schematic diagram of the general arrange¬ 
ment for carrier current telemetering. The heat 
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3 Vacuum Tube Telemetering System 
Carrier Current Transmission 


frequency output of the oscillator circuit, instead of the 
output of a microphone speaking circuit, is applied in 
the regular way to the modulator. The carrier current 
generator consists of the usual arrangemeTof £££ 

over thfr P 7 6r am . plifier * There is thus s ent out 
over the channel a earner wave of constant frequency 

maS+fd* 77 aUdi ° frequenc y which varies Jith the 
magnitu de of the quantity being telemetered. 

At the receiving end, the carrier is demodulated and 
tte audio sgnal amplified. The ampSrignal* 
en taken direct to the frequency meter which rem-o 

mert* ftS 011 ° f th n P ° inter ° f the distant ins <™‘ 
ment. It will be specially noted that again the signal 
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strength—provided it be sufficient to energize the 
apparatus—has no effect upon the accuracy of the 
indication. 

i In cases where it is desired to telemeter more than one 
reading from a remote station, a continuously operating 
selector 3 at the transmitting station automatically con¬ 
nects each instrument, one after the other, to the tele¬ 
metering transmitter for a brief period. Twenty 
or more instruments may be taken care of in this way. 
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corresponding transmitting instrument is connected to 
the telemetering apparatus by the transmitter selector. 
Thus each pair of instruments, one transmitting and 
one receiving, is given possession of the telemetering 
channel once in each complete cycle which includes all 
of the instruments. The receiving instruments pm . 
ployed have pointer movements of the type which retain 
their position when deenergized. Thus, when operated 
in the above manner, each instrument indicates the 



Fig. 4—Montaup Electric Company and Allied Utilities 



Fig. 5 Indicating Device Varying Frequency Impulse 
Telemeter 

At the receiving stations, an equal number of instru¬ 
ments is installed. All receiving instruments are 
frequency meters identical in construction, but each 
has a scale the same as the corresponding instrument 
at the remote station. A selector associated with the 
receiver is arranged to connect each receiving instru¬ 
ment to the channel during the period at which the 



Fig 6.—Varying Frequency Impulse Telemeter 

a. Demand meter 

b. Indicating and recording device 

c. Transmitting device 

reading shown when last connected to the telemetering 
circuit. If we assume that each instrument is energized 
for a second, which time is sufficient for it to come to 


3. An automatic instrument selecting device. 
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rest at its correct reading, each reading will be checked 
about every ten seconds if there are ten instruments. 
With other numbers of meters, the frequency of correc¬ 
tion will vary accordingly. 

Clearly it is necessary to synchronize the selector 
at the receiving station with that at the transmitter. 
A feature of this scheme which is of special interest is • 
that, unlike many existing methods of synchronizing, 
it does not require a special synchronizing channel. 
Synchronizing of the selectors is automatic when the 
apparatus is started from rest. Thus it is no more 
difficult to operate multiple instrument telemetering 
over carrier or radio than over a wire line. 

The vacuum tube type is readily applicable to such 
special problems as: the totalizing of load indications 
at various points on a network, graphic recording, 
integrating, etc. Methods of carrying out these special 
applications involve some very interesting features, 
which may be dealt with more appropriately on another 
occasion. 

VI. Example op Application op Varying 
Frequency Impulse Type of Telemeter 

An automatic telemetering equipment of the varying 
frequency impulse type, operating successfully on the 
Montaup Electric Company’s system, is shown in 
Figs. 4,5, and 6. 

The Montaup Electric Company and its allied com¬ 
panies take power from the New England Power 
Company’s lines at three different points. The pri¬ 
mary purpose of the telemetering equipment is to 
indicate and record at Montaup Generating Station 
the total power taken from the New England Power 
Company. It is desirable to know the instantaneous 
transmission of power between the various systems 
and to have a record of the fifteen-minute demands. 

In detail, the functions of the telemetering system 
may be listed as follows: (see schematic' sketch in 
Fig. 4). 

(1) To record at the Riverside St. Substation the maximum 
15-minute demand of the Greenville and Riverside St. Sub¬ 
stations. . 


(8) To record at the dispatcher’s office at the Montaup 
Station the totalized maximum 15-minute demand of the 
Greenville, Pawtucket No. 1, and Fall River Substations from the 
New England Power Company; and to actuate an alarm if this 
totalized maximum demand exceeds a certain value. 

Appendix A 

Transmitter Constant 

Let us assume the transmitter to be of the watt-hr. 
meter type with a meter constant K equal to the watt- 
hours required to turn the meter shaft through one com¬ 
plete revolution; that is, 

_ watt-hours 

- revolutions 

In turning through a single revolution the contact sends 
out N impulses, or 

impulses 

— revolutions 

The impulse constant, I, or the number of kilowatt- 
hours per impulse, is therefore 

_ K kilowatt-hours 

1000 N impulses 

From the above equation 
kilowatts = I X impulses per hour. 

= 3.6 -pj- x impulses per second 

Appendix B 

Receiver Constant 

The impulse frequency that should give the full 
scale or maximum deflection of the receiver may be 
determined as follows: 

Let the desired full-scale reading of the telemeter be 
M kilowatts. Then 

, . A _ kilowatt-hours 

impulse constant I = -:-:- 

impulses 


(2) To; indicate and record at Pawtucket No. 1, the total 
power taken from the New England Power Company at the 
Greenville> Station and at the Pawtucket No. 1 Station. 

(3) To record at the Pawtucket No. 1 Station the maximum 
16-minute‘demand of the Pawtucket No. 1 Station. 

(4) To record at the Fall River Station the maximum 15- 
minute demand of the Fall River Station. 

(5) To indicate at the Montaup Station, Somerset, the total 
power taken from the New England Power Company at the 
Greenville and Pawtucket No. 1 Substations. 

(6) To indicate at the Montaup Station, Somerset, the total 
power taken from the New England Power Company at the 
Fall River Station. 

(7) To indicate and record in the dispatcher’s office at the 
Montaup Station, Somerset, the total power taken from the 
New England Power Company by the Greenville, Pawtucket 
No. 1, and Fall River Substations. 


and, 


frequency of impulses = 


M 


impulses 

hours 


so that, 

impulses per second = 


M 

3600 1 
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Discussion 

S. C. Jacoby: The Montaup telemetering equipment was 
installed for two purposes: first, to record the fifteen-minute 
system demands of each of our member companies, and second, 
to determine the power received from the New England Power 
Company System at our points of interconnection. 

The equipment used to record the fifteen-minute demands of 
our member companies is to be used for billing purposes. It 
has not been in continuous operationg long enough to determine 
the value of its records. The equipment on our power company 
connections is used to assist operation. It has been in service 
about six months. It consists of the following instruments: 

1 . Two indicating receivers. 

2. One graphic receiver. 

3. One demand meter. 

4. One distance dial. 

1 . One indicating receiver indicates the power received from 


provides us with an immediate indication, both audible and 
visible, of a loss of either major tie at a point where the load on 
the remaining tie can be controlled. 

It is not advisable to have standing orders to pick up load 
during trouble without the telemeter indication because, in 
case of local trouble resulting in a loss of load, picking up load 
on our generators would aggravate the condition and might 
result in further trouble. 

2. Smoother operation . On an interconnected system, correct 
frequency is not an indication of normal conditions as variations 
of system load or generation affect the load on the intercon¬ 
necting tie lines and not necessarily the frequency. The tele¬ 
meter indicates to the dispatcher whether or not he has 
anticipated his load correctly and, if not, steps can be taken to 
correct same without being informed by telephone. This is of 
special advantage when an unexpected change of load occurs, 
such as a c hang e due to sudden darkness on one section of our 
territory. 


the New England Power Company System at Fall River; the 
other, the power received from the New England Power Company 
System at Pawtucket and at Woonsocket. These instruments 
are mounted on the main switchboard directly in front of the- 
governor motor controls so that the switchboard operator may 
determine the effects on the New England Power Company ties 
of a change of the Montaup System load or a change of the Mon¬ 
taup Station output. These instruments require approximately 
ten seconds for the pointors to assume their proper position after 
a change of load has occurred. An appreciable change of load 
is noticed immediately because of the ticking sound of the rotary 
rolay release. This ticking sound at first appeared objectionable, 
but lias since proved useful. Any change of load causes a change 
in the sound of the instrument and is noticed at once, whereas a 
visible indication alone might not be noticed for an appreciable 
length of time. This is of special advantage during transmission 
troubles because, at that time, an immediate indication may 
avoid an interruption. 

2. The graphic receiver indicates and records our total 
power company takings. This instrument is mounted in the 
dispatcher’s room. An adjustable contact on the instrument 
operates an alarm when the demand limit is reached so that, in 
case the operator and the dispatcher do not notice an increase 
of total takings, the alarm will call it to their attention.. To 
prevent the ticking noise of the rotary relay release from inter¬ 
fering with the dispatcher’s telephone conversations, the relay 
is mounted in the control room and drives the receiver through a 
selsyn generator and motor. This makes the dispatcher’s 
instrument practically noiseless. 

3 . The demand meter prints the total fifteen-minute demand 
of our power company takings. 

4. The distance dial integrates the total power received. 

Reliability. Outages have been caused chiefly by commutator 

failure, by the sticking of the differential relay, and occasionally 
by telephone fuses blowing at Greenville. These outages, we 
believe, can be prevented as they are not caused by defects m 
the principle of the varying frequency impulse equipment. 

Accuracy. The accuracy of the indicating instruments com¬ 
pares favorably with the accuracy of regular switchboard instru¬ 
ments and is limited chiefly by the transmitting watthour meter. 
False readings on the indicating instruments are rarely en¬ 
countered as failure of equipment usually causes the instruments 
to hunt or to stop altogether. 

Advantages of the Telemeter to Operation. The advantages we 
have obtained by the use of our telemetering equipment are: 

1. Improved service by avoiding interruptions . Where systems 
are connected by more than one tie, there is danger that, if one 
tie is lost during a disturbance, the increase of load on the remain¬ 
ing ties may cause their loss also. If all ties are lost, an inter¬ 
ruption may result, but if the load on the remaining tie is reduced 
to a safe limit at once, its loss can be prevented. The telemeter 


During normal load change periods, the Montaup operator is 
instructed to keep the load on the power company ties within 
certain limits. In this way, excessive exchanges of load between 
systems is avoided. 

8. Checking of switching operations. Much of our routine 
switching on the power company ties is done on schedule and 
not on direct order. The telemeter provides our dispatcher with 
a check on this switching. 

Jj.. Determining the source of disturbance. The graphic tele¬ 
meter, used with the frequency recorder, supplies our dispatcher 
at once with valuable data concerning disturbances. 

S. Economy. Last but not least, economy. Usually, the 
price of purchase power differs from the price of local generation. 

It may cost more or less than local generation, but is rarely the 
same price. There are two reasons for this: 

1 . The increment cost of local generation varies because it 
depends on the units in service and on the load at which these 
units are operating. 

2. The cost of purchased power depends on variable con¬ 
ditions on the power company system. 

During primary periods, our maximum rate of purchasing 
power is limited by our primary demand. During secondary 
periods, it is limited by the capacity of the ties or by the power 
available. We find that, with the telemeter in service, we can 
keep 1500 kw. hr. per hour closer to our desired takings than 
when we depend upon the men at the receiving points watching 
the load and notifying us of variations by telephone. 

To put a commercial value to this, assume a difference of two 
mils per kw. hr. between our increment cost and the cost of 
purchased power, the resulting saving will be three dollars per 
hour. On a basis of 15 hr. per day and 200 days per year, this 
saving amounts to $9000 per year. This saving is not clear 
profit, but it does tend to put the telemeter on a paying basis. 

Chester Lichtenberjfs The subject of telemetering is 
relatively new; as a matter of fact, it is an art which has only been 
recognized as such for about four years. Initially the attempt 
was made to move instruments to a relatively great distance 
from the shunts or other sources from which they derived power. 
That means long leads and eventually large leads withthe usual 
voltmeters, ammeters, wattmeters, and the like. Wheii 
distances became more than two or three miles, the.usual types 
of instruments were not sufficiently delicate and the usual 
sources of power such as shunts, current, and potential trans¬ 
formers were not of sufficient rating to generate energy to operate 
the instruments efficiently. But the main trouble was to get 
large enough wires for long enough distances. The urgefor 
telemetering came through the centralizing of the control of 
power in load dispatchers or power directors. 

Mr. Jacoby has pointed out one usesuch a use was ra y 
started about 1912 by the Chicago, Milwaukee & St. Paul 
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Railway, where the load demand had to be kept to a certain 
minimum because there wasn’t enough water power to furnish 
all that the railroad required. In the last few years, the demand 
tor telemetering has increased quite rapidly. Centralizing the 
control of power has reduced the number of operators in urban 
systems. 

During the last four years, the tendency has been to use tele¬ 
phone wires or their equivalent for connecting power stations or 
substations or the sources of power supply to the central points 
at which the power directors have been located. The idea has 
been to use the existing telephone cable systems and, therefore, 
the amount of energy which might be used has been limited. 
At first the idea was to use either current or voltage in the usual 
fashion for transmitting the instrument readings, but it was soon 
found that inductive interferences and leakage caused an appre¬ 
ciable error. In looking around for other means to transmit 
mstrument readings, it was finally decided that frequency gave 
the best means of transmitting electrical indications. 

The number of wires which may be used for telemetering has 
sometimes given concern because each wire costs money, either 
to install or to maintain or to rent. Some systems are now 
available whereby as many as three instruments may be read 
continuously over one pair of telephone wires, but there does not 
seem to have been much demand for such designs. Instead, as 
Mr. Stewart pointed out, one pair of wires is being used for 
reading as many as 24 instruments successively,—not eon- 
tinuously, but successively. 

There is a number of other systems which have not been 
(ascribed. Those which have been described merely give an 
idea of this new art of telemetering and present to the central 
station and industrial engineers as well as to the railway engineers 
a vision of what they may expect in the way of development so 
that in laying out new systems and in consolidating present 
systems they can take advantage of this new art for economical 
operation. 

C. E. Stewart: No mention has been made of the application 
of telemetering in connection with automatic supervisory equip- 
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ment or equipment for the remote control and indication of 
power apparatus. There are several phases of this particular 
application which are of interest. 

The application of telemetering by itself requires an independent 
channel used for no other purpose except possibly that of tele¬ 
phone communication. The circuit under that condition is a 
continuous one and the telemetering readings are of a continuous 
or semi-continuous nature. 

When we use telemetering with automatic supervisory equip¬ 
ment, however, it is possible to select and obtain readings from a 
large number of station circuits. These readings may be trans¬ 
mitted to the dispatcher over the same wires which are used for 
the supervisory equipment provided a momentary reading is 
satisfactory. This arrangement is only recommended for 
momentary readings because it necessarily holds the supervisory 
equipment on the selected circuit and does not permit it to 
function in case of the automatic operation of other supervised 
apparatus. 

A preferable method is to use an independent channel for 
telemetering. The supervisory equipment may then be used to 
selectively connect this channel to the desired substation circuit. 
The supervisory equipment is thus left free to perform other 
functions. 

When telemetering of a multiplicity of circuits is required the 
best practise is to use a supervisory equipment entirely for that 
purpose. Such an installation is soon to go into service in the 
mty of New York in the Laconia Avenue Substation of the Bronx 
Gas and Electric Company. The combined supervisory and 
telemetering equipment operating over four line wires, provides 
the dispatcher with means of reading the a-c. current and a-c. 
voltage on twelve power circuits. The dispatcher can obtain 
these readings with as little effort and as promptly as if he were 
located in the substation itself. 

The rectified-current type of telemetering and the synchronous- 
selector type of supervisory equipment are used on this intallation. 
An independent supervisory equipment provides the dispatcher 
with supervision of the substation equipment. 
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Synopsis.-— The importance of measuring an electric system load also discussed. Characteristics of circuits for transmitting the 
at any distance from that load is emphasized. The use of thermal thermal e.m.f. from the load to the point of measurement are 
wattmeters in conjunction with thermal couples is suggested. Time discussed in detail. A list of users together with data pertaining 
of response of such devices is discussed; temperatures attained are to the measurement-transmitting circuits is given. 


W HEN all the power of a given electric system is 
generated in a single plant, the totalizing of the 
entire load is relatively an easy problem. A 
number of methods is known and used for accomplishing 
the desired result of making available the information 
as to the total of the load that is being supplied. These 
totalizers may be of the indicating or the graphic 
recording type as may be desired. 

When two or more power plants are used to supply a 
given system, and these plants are located at a distance 
from each other (and this is invariably the case in 
modern electric systems of any size), the problem of 
totalizing the entire load of the system becomes more 
difficult. If to this situation we add the further com¬ 
plication of purchase and sale of energy to one or more 
contiguous systems—at points perhaps many miles 
removed from each other—the problem becomes much 
more complicated. Yet this last situation is exactly 
where many, if not the majority, of the modern large 
electric service supply systems find themselves at the 
present time. 

Large electric supply systems are rarely fed from a 
single power generating plant. Moreover, a considera¬ 
tion of the economics of the situation usually dictates 
that the various power plants serving a given territory 
shall be widely separated within that territory. Fur- 



Via. 1—Elkmkntauy Diagram of Thermal Wattmeter 

ther, the purchase and sale of power from contiguous 
territories naturally occurs at the boundaries of a given 
territory. These purchase and sale agreements be¬ 
tween neighboring properties are becoming more and 
more common. The term “superpower” has been 
coined to cover this modern tendency and it is generally 
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accepted as being both economic and logical This 
situation, however, makes more acute the problem of 
load dispatching. 

The problem of load dispatching requires that the 
load dispatcher shall know at all times not only the 
aggregate load on his own system but also how much 
load he is supplying to other systems and how much 
they are supplying to him. When the generating 
stations are widely separated and when the points of 
contact with contiguous systems are still more widely 
separated, as is the case in all large systems, how is the 



Fig. 2 —Elementary Diagram of Thermal Wattmeter 
using Thermocouples as. Measuring Principle 

load dispatcher to obtain this essential information? 

It is the object of this brief paper to indicate one solu¬ 
tion of this problem. The fundamental idea in the 
solution proposed is the same as that in the instrument 
described by the writer in a paper before the A. I. E. E. 
in October 1915. 1 Fig. 1 herewith is a reproduction of 
Fig. 2 of that paper and shows the elements of a thermal 
wattmeter. In the appendices of the 1915 paper is 
submitted a mathematical proof that, with circuit 
connections as shown in Fig. 1, the difference in tem¬ 
perature between resistances a and 6 of Fig. 1 is pro¬ 
portional to watts. 

In the 1915 paper above referred to, a number of 
methods is proposed for measuring the difference in 
temperature between these two resistances a and b — 
among them the use of thermocouples. Still another 
method is described in the present author’s paper 2 read 
before the A. I. E. E. on Feb. 15, 1918. This latter 
method has been incorporated into a commercial 

1 . Rates and Rate Malting, P. M. Lincoln, A. I. E. E. Tiians., 
1915, p. 2279. 

2. The Character of the Thermal Storage Demand Meter, P. M. 
Lincoln, A. I. E. E. Trans., 1918, p. 189. 
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demand meter and has found considerable use among 
public utilities, particularly in Canada. Although this 
latter method is excellent for use in a demand meter, 
it does not lend itself readily to a solution of the total¬ 
izing problem outlined above. The use of thermo¬ 
couples, however, does so lend itself in an ideal manner. 
As shown in the 1915 paper, the difference in tempera¬ 
ture of the resistances a and b, Fig. 1, is proportional to 
watts. If thermocouple junctions are associated with 
these resistances, the resulting thermal e. m. fs. are 
then proportional to watts for each individual thermal 
wattmeter. By connecting these thermal e. m. fs. in 
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Fig. 3 Thermal Converter with Cover Removed Showing 
Adjustments 

sen®, and measuring the resultant total, the sum of all 
of the readme of the individual thenial wStaetere 
may easily be obtained at any desired point 

COmpletel! ' and re^tte®™ 1 

taiSSSSSS: 

Thfe briefly Hfe ba£of ^ Potentio^ 


The Thermal Converter 
For the sake of convenience, the instrument incor¬ 
porating the metering circuit shown in Fig. 1, together 
with the necessary thermocouples and adjustments, has 
been called a “thermal converter.” Fig. 2 shows such a 
thermal converter in diagram and Fig. 3 is a photograph 
of two such thermal converters mounted in a single case 
and comprising a complete polyphase wattmeter-one 
converter in each phase. Fig. 4 shows a diagrammatic 
section of one of these thermal converters. The form 
and arrangement of parts in Fig. 4 is due to the sug- 
gestions of Mr. H. S. Baker, Meter Supervisor of the 
Hydro-Electric Power Commission of Ontario at 
Niagara Falls. 

The experimental work necessary to convert Baker's 
suggestion into a successful commercial instrument was 
carried out by Louis A. Paine of the Lincoln Meter Co. 

td., Toronto, with numerous suggestions by Mr. 
Perry A. Borden, at that time an engineer in the labora¬ 
tories of the Hydro-Electric Power Commission of 
Untano, now an engineer with the Bristol Co., Water- 
bury, Conn. 

Referring to Fig. 4, A is a heavy metallic plate, brass 
or copper. Around this plate, and insulated from it by 
pure sheet mica on the sides and by a grooved bakelite 
tube top and bottom, are the thermocouples T. Over 
these thermocouples is placed another layer of pure 

wS ^ 1Ca a f ( ! then the heaters R - Af ter still another 

5° n ' Pktes P are a PP ]ied and firmly 

clamped together by suitable bolts. The terminal 
f beaters ^ associated in close thermal 

l~V° f < ;° U1 i se electri cally insulated from each 
*£;*■**eliminating errors that might be due to 
thermal conduction between leads and heaters. 

Jrig. 5 shows in diagram the adjustments that are 



Fig. 4—Diagrammatic Section of Thermal Converter 


fS£ the ^ ita< ’ , r ,rrent a, ° ne in ti,e heatOT 

h t fr ° m Jfoe v °ltoge transformer alone, the two 

mentof the^n 7 beaccom P lishe d by proper adjust- 
Stoe?t”Tnd yf sl f an + ce f Jeweled “current balance 
Rig 5 After the p °!' entla l balance adjustment" in 
• l' b ‘ ^tor these adjustments have been made there 

Sere wd be a t0 the thermaI conv erter 

coupleT ItLfT thGrmaI e - m - f - from the thermo- 

conve^rs m S * 6C ^ a ” ° f the themial 

same twL^fr ? tallze a ® v en load shall have the 

secured by he flnal ad i ustm ent is 

y tne shunting resistance marked “shunt” 
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in Fig. 5. The thermal e. m. f. that has been adopted 
and found suitable in practise is ten millivolts per 
meter element; that is, with full normal load on the 
metering element of a thermal converter, the resulting 
thermal e. m. f. is ten millivolts. For a polyphase uni t, 
where two thermal converters are used (one in each 
phase), the resulting thermal e. m. f. at normal full 
load is, of course, 20 millivolts. The relation between 
watts and the resulting thermal e. m. f. is a perfectly 
straight line; the thermal e. m. f. is always proportional 
to watts input. It might be pointed out here that this 
perfectly straight line relationship is secured by 
properly designed compensation. It is well known that 
the thermal e. m. f. of most couples increases slightly 
with increasing temperature; it is also well known that 
heat emissivity and heat conductivity decrease with 
increasing temperature—at least within the tempera¬ 
ture range used in this device. By proper combination 



Fig. 5—Diagram showing Adjustments on Thermal 
Converter 

of these two tendencies complete compensation is 
secured. Also, the device is relatively free from 
temperature error, being less than one-tenth per cent 
per degree centigrade. This temperature error is 
positive, the thermal e. m. f. per watt increasing 
slightly as the atmospheric temperature rises. 

The total thermal e. m. f. that is produced at the totaliz¬ 
ing point is, of course, dependent on the number of ther¬ 
mal converters that are used in series on any particular 
project, as well as upon the load on each individual 
thermal converter. There is no limit to the n um ber of 
thermal converters that may be thus connected in 
series. The maximum number so far actually used on a 
single installation is 19 thermal converters used by the 
Hydro-Electric Power Commission of Ontario to 
measure the power supplied to the Toronto Hydro 
Electric System. 

Time of Response 

No thermal device can respond instantly to the action 


of the currents that do the heating. This principle is 
utilized in the thermal demand meter and the sizes of 
the various parts are so adjusted as to secure the desired 
time of response. The most widely used time of 
response for demand meters is ten minutes to reach 90 
per cent of the final indication. The thermal converter 
shown in Figs. 2, 3, and 4 has a very much shorter 
time, viz., between 8 and 9 sec. to reach 90 per cent of its 
final reading. The reasons for this much shorter tim e 
may be worthy of further discussion. 

As shown in Appendix 3 of the writer’s paper 1 
referred to previously, the instantaneous difference in 
temperature of two heaters arranged as in Fig. 1 is 
given by the expression 



where 

0i = instantaneous temperature of heater a above 
environment 

02 = instantaneous temperature of heater b above 
environment 

Hi = rate in gram calories per sec. at which heat is 
applied to a 

Hi = rate in gram calories per sec. at which heat is 
applied to b 

S = surface area in sq. cm. of a or b (similar) 

E = heat emissivity of a (or b) in gram calories per 
sec. per deg. cent, per sq. cm. of surface 
Q = thermal conductivity between a and b in gram 
calories per sec. per deg. cent, of temperature 
difference 

M = amount of heat in gram calories stored in a 
(or b) per deg. cent, of temperature rise 
t = time in seconds after first application of heat to 
a and b 

e = base of Naperian logarithms 
In Appendix 2 of this same paper, it is shown that 
Hi — H 2 is proportional to watts when the arrangement 
is that shown in Fig. 1. From Equation (1), it is evi¬ 
dent that the instantaneous temperature difference 
between a and b, Fig. 1, rises along an exponential 
curve and that it finally becomes proportional to watts, 
when t becomes infinite. It is further evident that the 
time of response is governed by the coefficient of t, viz., 


the quantity 


S E 2 Q 
M 


The temperature difference 


between a and & will reach 90 per cent of its final value 
(assuming a steady load application) when 

2.302 M 

1 ~ SE + 2Q (2) 

Fig. 6 shows a photograph of the parts and the 
assembled element of a demand meter having a time of 
response of ten minutes (to reach 90 per cent of final 
value). Comparing Fig. 6 with Fig. 4 and comparing 
them with reference to the relation shown in Equation 
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(2), the reasons for the much shorter time of response 
of the structure of Fig. 4 becomes apparent. The value 
of M, Fig. 4, is very much less than that of Fig. 6—less 
than 10 per cent. The value of Q in Fig. 6 is nearly 
zero, while in Fig. 4 it is comparatively very large. 
These two factors alone are sufficient to account for the 
fact that the structure shown in Fig. 4 will respond to 
the application of power in approximately one-seven¬ 
tieth of the time of that shown in Fig. 6. It is obvio us , 
further, that, the time of response of the structure 
shown in Fig.. 4 (or 6) may be modified if desired by 
modifying the design. However, the sec. (approxi- 



Fig. 6—Parts and Assembly op the Measuring Elements 
op a Demand Meter (Thermal Storage Type) 


mately) time of response of the structure shown in 
Fig. 4 has been found to be quite suitable for the 
purposes of a totalizing meter. 

Temperature Attained During Operation 
The total number of couples used in series in each 
thermal converter is usually 21. The microvolts per 
couple per degree of temperature difference is approxi¬ 
mately 42. To attain a total of 10 millivolts at full 
load, the resulting difference in temperature of the two 
elements a and b, Fig. 1, is therefore approximately 11 
deg. cent. The actual rise in temperature of the hotter 
element above the surrounding air depends on power 
factor. The lower the power factor the higher will be 
the resulting temperature rise, since the total heat 
dissipated in both elements dictates the maximum 
temperature rise and this in turn is dictated by the 
total current flowing in resistances a and b. This total 
current obviously increases as power factor decreases. 


ELECTRIC SYSTEM LOADS Transactions A. I. E. E- 

With the designs used in practise, the maximum tem¬ 
perature attained at 50 per cent power factor does not 
exceed 60 deg. cent, above the surrounding air at full 
load in watts. Since the insulation used is pure mica, 
there is obviously ample margin for safety in so far as 
temperature nse is concerned. 

Circuit Characteristics 

Th ® re are i two characteristics of the circuit connecting 
he thermal converters with the central point of 
measurement that should be considered. These are: 
o rf ne . rcsistan ee in series with thermocouples. 

2. Possibility of stray e. m. fs. in connecting line. 
The first of these is of relatively minor importance 
while the second is of vital importance. 

1. Resistance m series with thermocouples. 

The importance of the circuit resistance depends on 
the method of measuring the resulting e. m. f. While 
other methods might be possible, the only method 
worthy of serious considerations is the potentiometer. 
This is the method that has been used in all installations 
made to date and has been found entirely satisfactory. 

If the potentiometer method of measurement be used, 
the maximum permissible circuit resistance depends 
upon the amount of current that must flow to give an 
observable or operable deflection in the galvanometer. 
While the potentiometer method of measurement is 
theoretically a “null” method—that is, no current 
flows when exact balance is obtained—it does require a 
flow of current to detect an absence of balance. It is 
the value of this current that dictates the mariirmry. 
permissible circuit resistance. This in turn depends 
on the characteristics of the galvanometer used in 
connection with the potentiometer, the e. m. f. avail¬ 
able, and the degree of sensitivity demanded. 

First as to galvanometer characteristics, what is 
demanded is not a laboratory instrument but one that 
can be placed under the supervision of the usual plant 
operators and give reliable results. Also, in most 
cases (all cases so far actually installed) a graphic 
record on a clock or time driven chart is demanded. 

In the. installations so far made, eminent success has 
been obtained by the use of a recording-potentiometer 
made available by a well-known American firm. 3 This 
firm has available a line of recording potentiometers 
with galvanometer resistances varying from 11 ohms 
to 2300 ohms. These instruments record the potential 
of thermocouples on a clock or time driven chart 
approximately ten inches wide, the chart scale being 
divided into 100 divisions. 

The galvanometers used in connection with these 
potentiometers are of the D'Arsonval type. This 
type has the advantage that it may be critically 
damped—a very important consideration in the success¬ 
ful operation of the recording mechanism. Two styles 
are available, one having a permanent magnet field 
in the galvanometer and the other an electromagnetic 
field. The sensitivity of the latter style is considerably 

3. Leeds and Northrup Co., Philadelphia, Pa. 
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higher than the former. The sensitivities and resis¬ 
tances of these two styles are given in the following table. 


TABLE i 


Sensitivity- 

Galvanometer 

-microamperes per step 

resistance ohms Perm, mug, 

Electro mag. 

2. 


1,2 

22 3 


1.8 

100 1.0 


1.1 

1180 0,25 


0.17 

2300 0.21 




Sensitivity (columns 2 and 3, Table I) may be defined 
as the amount of current that must flow through the 
galvanometer to make its pointer just engage the 
operating lever. Such an engagement will cause the 
pen to move approximately per cent of full scale. 
If this movement is not sufficient to cause the current 
in the galvanometer to reduce below the engaging 
point, movement of the pen continues until such a 
reduction in galvanometer current does occur. 

The e. m. f. available to cause current to circulate 
depends on the balance between the e. m. f; of the 
thermal converter under measurement and the e. m. f. 
within the potentiometer itself. As above indicated, 
the e. m. f. at full load on one polyphase thermal con¬ 
verter is 20 millivolts. Therefore, in case of a departure 
from perfect balance, the e. m. f. available to cause 
galvanometer current is that departure’s proportion of 
20 millivolts. For instance, a one per cent departure 
from perfect balance—no matter in what part of the 
scale—would cause one per cent of 20 millivolts, or 200 
microvolts, to become available for circulating galva¬ 
nometer current. To determine the per cent departure 
to cause operation, we must consider not only the 
e.m. f. available but also the total resistance. If 
we assume for the moment that we have zero line 
resistance, the only resistance to the galvanometer 
current will be the galvanometer itself and the thermal 
converters. Each polyphase thermal converter has a 
resistance of approximately 30 ohms. With these data 
at hand it is quite easy to determine the per cent 
departure from perfect balance that will cause each 
galvanometer listed in Table I to begin to respond. 
When a single thermal converter is used these per¬ 
centages are given in the following table. 

TABLE II 


Galvanometer 

Total resistance 
(1 polyphase 
thermal 

Per cent departures from perfect 
balance to cause response (zero line 
resistance) 

i 

resistance ohms 

converter) 

Perm. mag. 

Electro mag. 

11 

41. 

0.41 

0.25 

22 

52. 

0.78 

0.47 

100 

130. 

1.04 

0.72 

1180 

1210. 

1.51 

1.03 

2300 

2330. 

2.38 



From Table II, the sacrifice in sensitivity caused by 
any given amount of line resistance when using any 
given galvanometer combination may be easily deter¬ 
mined. An increase in the total resistance (column 
2, Table II) will result in exactly the same relative 


increase in the percentage of departure from perfect 
balance (columns 3 and 4, Table II) to cause response. 

Table II holds for a single thermal converter. When 
a number of such converters is used in series (as is 
invariably the case), a much better performance is 
secured than that indicated in Table II. Each addi¬ 
tional thermal converter adds only about 30 ohms to 
the resistance of the galvanometer circuit,—in most 
galvanometer combinations, an insignificant proportion. 
The voltage available from each converter with a 
given departure from perfect balance is exactly the 
same whether there be one or a hundred converters in 
series. Therefore the more converters in series, the 
less will be the per cent departure from perfect balance 
to cause response. To take a specific example, let us 
assume that we have a system using ten thermal con¬ 
verters in series, that we are equipped with the 1180- 
ohm permanent magnet type galvanometer, that our 
total line resistance is 1000 ohms. From the above 
data, it may be easily determined that such an installa¬ 
tion would respond to a departure of 0.31 per cent of 
the total possible load, no matter in what converter 
that departure took place. If we should add another 
thousand ohms to the line resistance, the per cent 
departure would rise from 0.31 per cent to 0.435 per 
cent; if we eliminated all line resistance it would fall 
to 0.285 per cent. The electromagnetic style of galva¬ 
nometer would give considerably better performance. 

It is obvious from this discussion that for the usual 
case, line resistance is of no great moment; the distance 
between converters may be as great as any possible 
case will call for, and the conductors may be made as 
small as practicable and still secure a line resistance 
that will give entirely acceptable results. 

One other point should not be overlooked in deter¬ 
mining this line resistance. To obtain successful 
operation, it is highly important that the galvanometer 
be damped. Critical damping is secured with certain 
values of resistance in series. With the line of potenti¬ 
ometers indicated above, these values of resistance for 
critical damping vary from 25 ohms (galvanometer 
resistance 11 ohms) to 6000 ohms (galvanometer 
resistance 2300 ohms). Laboratory tests have shown 
that these values of resistance may be considerably 
exceeded (by perhaps 75 per cent), and still secure 
reasonably good results in so far as damping is concerned. 

The methods of determining the maximum per¬ 
missible value of circuit resistance are indicated in the 
above paragraphs. The size and character of the 
conductors to be used will depend on this ma-rirmim 
resistance and also upon the considerations to be dis¬ 
cussed in the following paragraphs. 

2. Possibility of stray voltage in connecting line. 

The matter of stray voltage on the transmitting 
conductor is of much more importance. However, the 
only stray voltage that need be seriously considered is a 
direct (or continuous) voltage. The means of detecting 
and measuring the resultant thermal e. m. f. consists, 
as has been mentioned, of a galvanometer of the 
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D’Arsonval type. Such a galvanometer reco gniz es 
direct currents only and a superposed alternating 
voltage is of no particular moment, unless it becomes 
unduly large. The filtering out of these superposed 
alternating voltages may be quite readily accomplished. 

Neighboring circuits may affect the transmitting 
circuit either by induction or by leakage. Induction 
may be either electrostatic or electromagnetic; either of 
these forms of induction, however, can induce only 
alternating e. m. f. into the transmitting circuit and 
therefore this source of stray e. m. f. is of no particular 
moment. The same is true of conduction effects so 
long as the conducted current is purely alternating. 
If, however, this conduction is of such a nature as to 
cause a direct-current e. m. f. to appear in the trans¬ 
mitting circuit, an error in the transmitted reading will 
be caused equal in amount to the proportion that the 
parasitic e. m. f. bears to the thermal e. m. f. of the 
thermal converters under measurement. The the rmal 
e. m. f. is, at full load on each thermal converter, 20 
millivolts per polyphase thermal converter. The total 
useful e. m. f. to be measured varies therefore from 
perhaps one or two millivolts as a minimum to perhaps 
500 millivolts as a maximum, depending on the number 


totalizers on the Toronto installation. This particular 
portion of the chart has been selected to show one of the 
advantages of this system of totalization, viz., the 
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7 Four Hours Record op the Toronto Installation 
showing Zero Suppression 


ability to suppress the zero and thus increase the virtual 
scale length. On the left hand portion of this chart, 
the top represents 100,000 kw. and the bottom 250,000; 
the zero has been suppressed to the extent of 100,000 


--- TABLE in 

Company 

Location 

No. 

thermal 

converters 

(polyphase) 

Total 

conductor 

miles 

Total 

resistance 

ohms 

Kind of conductor 

Began 

operation 

Max. 

power 

measured 

Hydro-Elec. Power Commission.. 

Toronto, Ont 

19 

25 

530 

Paper ins.—lead covered 

Sept. 1926 

166,000 lew. 

Ottawa Gas and Elec. Co. 

Ottawa, Can. 

3 

3.5 

74 

Style B telephone wire rubber 
ins-duplex 

May 1926 

20,000 kw. 


London Public Utilities. 

London, Ont 

4 

1.9 

10 

No. 10 B and S overhead wires 
on poles 

? 

20.000 kw. 

_ 

Shawinigan Water and Power Co. 

Three Rivers, 
Quebec 

4 

Within a single 
station 

No 

data 

Inside wiring 

Aug. 1927 

40,000 lew. 

Wayagamac Pulp and Paper Co.. 

Three Rivers, 
Quebec 

4 

0.57 

No data 

No data 

July 1927 

8.400 kw. 

Shawinigan Water and Power Co. 

Thetford Mines, 
Quebec 

3 

2.5 

53 

No. 12 Style B copper weld 
overhead 

Sept. 1927 

7,000 kw. 

Montreal Light, Heat and Power 
Company. 

Montreal, Quebec 

2 

Within a single 
substation 


Inside wiring 

Oct. 1927 

No data 


Price Bros. 

Isle Maligue, 
Quebec 

3 

1.5 

65 

No. 16 style B 

? 

No data 


Port Arthur Public Utilities... 

Port Arthur, Ont. 

4 

10 

198 

Paper ins., lead-covered cables 

Oct. 1927 

24,000 kw. 

Windsor Hydro Elec. System_ 

Windsor, Ont. 

5 

2.5 

20 

Underground control cables 

? : 

20,000 kw. 


oi tnermal converters used and the loads on each. It 
is obvious, therefore, that a relatively small amount of 
leakage from an external source would be fatal to the 
accuracy of this method of measurement. The trans¬ 
mitting circuit must be properly protected from leakage. 
However, with proper construction and proper precau¬ 
tions there is no need to anticipate any difficulty from 
this source. Perhaps the best proof of this statement 
is to enumerate existing installations and indicate the 
length and character of the transmitting lines. This 
information is given in Table III. 

Pig. 7 shows about four hours record of one of these 


—. —~ rooui iias ueen removed, ana 

nowthetopiszeroand the bottom 150,000 kw. With this 
type of measuring device it is a very simple matter thus 
to suppress thezero;itcan be done to any extent desired. 

In conclusion, while actual exj^srience with this new 
totalizing system in practise has been limited to only 
about three years, nothing has developed to lead to the 
anticipation of any difficulty. Direct current leakage 
into the transmitting wires is the only thing that need 
be zealously guarded against and experience thus far 
indicates that with proper installation, no fear need be 
entertained from this source. 


kilowatts 
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Discussion 


H. B. Brooks: Mr. Lincoln points out that the potentiom¬ 
eter method of measurement, rigorously speaking, is not a true 
nuU method. While this distinction is not usually significant for 
laboratory work, it may become so for special cases like his, 
and it should be borne in mind. 

In determining the value of total resistance in the galvanom¬ 
eter circuit, one should include the resistance introduced by 
the potentiometer itself. This may be of importance in the case 
of relatively few converters and low line resistance. 

Table II shows that the galvanometers of higher resistance 
and better current sensitivity are inferior in performance for 
the case cited, namely, a single converter of 30 ohms resistance 
and no resistance in the line. For galvanometers of a given type 
which differ only in the size of the wire with which the coil is 
wound, the greatest sensitivity under working conditions will be 
obtained when the net resistance of the galvanometer coil is 
equal to the resistance of all the rest of the circuit. Thus for 
the case of a single converter of 30 ohms resistance, with zero 
line resistance and negligible resistance of the potentiometer 
and of the galvanometer suspensions, the galvanometer coil 
should be wound to have a resistance of 30 ohms. In practise, 
one cannot always expect to get a galvanometer coil specially 
wound for each case, but the principle just mentioned will 
assist in selecting the best stock galvanometer for the purpose. 

I should like to suggest an exception to Mr. Lincoln’s state¬ 
ment that the only instrument worthy of consideration for 
measuring the resultant e. m. f. of the converters is the poten¬ 
tiometer. Wherever a graphic record is desired, the recording 
potentiometer which he mentions is possibly the only suitable 
instrument available. However, it is bulky and expensive, and 
where it is desired merely to indicate the load in magnitude and 
direction of energy flow, an indicating instrument may well be 
used, if some expedient be provided which will render the indica¬ 
tions free from error caused by variations in the total resistance. 
Methods for doing this were given on pages 540-541 of the 
Transactions, Vol. 39, 1920, and an instrument embodying 
still another procedure was described by Harrison and Foote in 
the same volume, pages 371-402. 

A simpler method which seems applicable to the case of load 
totalizing is as follows: A suitable pyrometer millivoltmeter with 
its scale figured in kilowatts is provided with an adjustable 
rheostat forming part of its series resistance. The remainder of 
the series resistance is non-adjustable. The resistance values are 
such that with the adjustable rheostat set to one-half of its maxi¬ 
mum resistance the millivoltmeter reads the total power correctly 
for an average value of line resistance, and the range of adjust¬ 
ment of the adjustable rheostat permits the maintenance of the 
proper total value of resistance (of instrument plus converters 
and line) for all temperature conditions to which the line is 
exposed. A push button on the instrument, when depressed, 
inserts additional series resistance equal to this proper total value. 

If the adjustable rheostat is properly set, pushing the button at 
any time will reduce the reading to one-half its value, and if the 
line resistance has changed since the adjustable rheostat was last 
set, the latter is adjusted until the pushing of the button cuts the 
reading to one-half. 

As to the feasibility of using such an instrument, the first 
installation given by Mr. Lincoln in Table III, with 25 mi. of 
conductor in the line, may be taken as an example. The full¬ 
load e. m. f. of the 19 polyphase thermal converters in series is 
380 millivolts, their total internal resistance is 570 ohms, and 
the line resistance is 530 ohms. A particular stock switchboard 
pyrometer millivoltmeter gives full-scale deflection with a current 
of 200 microamperes. Such an instrument, with its internal 
resistance adjusted to 800 ohms, would give full-scale deflection 
if connected to the Toronto line with full load on all the thermal 
converters. If we assume that the resistance of the line and the 
converters is all of copper, to take an extreme case, and that the 
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temperature may vary from - 20 deg. cent, to + 40 deg. cent., 
there will be a variation of 132 ohms on either side of the average 
resistance at 10 deg. cent., and if this is not compensated, it will 
affect the readings by 7 per cent. For some rough purposes this 
might not be objectionable, but it is relatively easy to provide 
the instrument with the means above described for eliminating 
this error. 

It may seem that a pivoted instrument requiring only 200 
microamperes for full-scale deflection is too delicate for the 
purpose. The instrument taken as an example is made for use 
in industrial pyrometry where average conditions are at least 
as. severe as in a power plant or substation. In an article in 
Die Meastechnik for April and June, 1928, summing up the 
status of remote metering, Dr. G. Keinath of the Siemens and 
Halske Co. states that d-c. indicating instruments may be 
used for tins purpose which give full-scale deflection on as little 
as 50 microamperes. The matter contained in this article, with 
some additional matter, is given on pages 166-185 of Vol. II of 
the third edition of Dr. Keinath’s book, “Die Technik der 
Elektrischen Messgerate.” 

F« L. Lawton: It may be of interest to mention that very 
satisfactory results have been obtained with the thermal con¬ 
verters used by Price Brothers & Company and the Duke-Price 
Power Company at Isle Maligne, Quebec. These converters 
are used for totalizing the load of two large paper mills of the 
former company, the mills being 23 mi. apart. The total load is 
about 100,000 hp. 

Our experience indicates several distinct advantages of this 
method of totalizing power demands, such as: 

(1) Ease and reliability with which an indication of the total 
load on a group of feeders or transmission lines can be obtained at 
a remote point. 

(2) Flexibility of the method—equally good results can be 
had at points remote from, or close to, the load-measuring 
instruments. 

# High accuracy of the thermal converters. Headings from 
different groups of converters, totalizing the same circuits, agree 
very closely. 

(4) Absence of moving parts means that the thermal convert¬ 
ers can be placed in almost any location, close to the ins trument 
transformers, thus cutting the burden on the transformers, and 
giving low wiring costs. 

(5) The zero suppressor makes possible the recording of 
occasional loads in excess of the normal range, or increasing the 
range, with only a moment’s work on the part of the station 
operator. 

(6) A very open graphic record is obtained. 

Bela Gati: By replacing the resistances and thermocouples 
with barretter wires, that is, wires 1 to 3 micrometers in diameter, 
we can get the following results: The Lincoln wattmeter’s time 
response will be reduced to 0.00005 sec. instead of 7 sec. The 
sensitiveness will be one hundred times greater. I proved this 
in the Physik Nalische Zeiischrift before the War. Telephone 
current and voltage can be measured with barretter wires; thus 
the Lincoln thermo-wattmeter could be transformerd into a 
speech-wattmeter, an instrument which has been sought for 
many years. 

D. A* McKenzie: The theory on which this system is 
developed has been well treated by Professor Lincoln. How¬ 
ever, I might point out some of the special features of this system 
which appeal particularly to the operating man. 

1. The thermal converters contain no moving parts. Since 
our experience dates back to the first of these devices ever placed 
in service, we naturally have had some trouble with them but 
these devices are now an exceptionally reliable commercial 
product. 

2. The scheme is very flexible inasmuch as not only may these 
converters be connected up to add or subtract different loads but 
the converters themselves are reversible and are therefore suitable 
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for use on tie feeders. It is therefore possible to take care of 
almost any conceivable scheme of system connections or supply. 

3. The apparatus in the transmitting station is very simple 
and requires a minimum of space. Since it requires no regular 
inspection it may be located wherever it is found convenient to 
connect into the measuring circuits. In fact the converter itself 
may be given its regular periodical calibration test from any 
point where it may be found convenient to connect the testing 
■equipment into the necessary circuits. 

4. By suitably arranging the transmitting circuits, it is 
possible at any central point to obtain the load on any desired 
station or section, after which the groups may be totalized. 

5. An exceptionally high accuracy may be reliably obtained. 
These devices are regarded by the operators as absolutely accu¬ 
rate. The Toronto Totalizer has a scale spread of 15,000 kw. per 
in. 

Mr. Lincoln dismisses the matter of the transmitting circuit 
rather summarily, but it is our belief that this part of the equip¬ 
ment requires very careful attention. The London equipment 
shown as using No. 10 B. & S. overhead wires carried on porcelain 
insulators on the same pole circuit as two of the 13.2 kv. feeders 
never operated satisfactorily even though special means of pro¬ 
tecting this circuit were evolved and applied. As a matter of 
fact, the recorder was only permanently placed in service after 
an underground cable connection was obtained. A considerable 
portion of the difficulties encountered with the Toronto installa¬ 
tion is attributed to the fact that the Toronto Hydro-Electric 
System does not use cables in which the wires are arranged in 
twisted pairs, which makes the position of each conductor in the 
cable with reference to all other conductors a matter of somewhat 
indefinite and variable quantity. Also the transmission of other 
quantities on other conductors in the cable has caused some 
interference, though it is believed that this could be considerably 
reduced by special arrangements. The trouble may be said to 
be more of electrostatic than electromagnetic interference. 

So far the recorder used in connection with this system has 
been of one type, viz, a recording potentiometer of a well known 
make which, since it had been in commercial use for a number of 
years, was expected to be suitable for use as it then was. It 
has been found that great care must be used, as indicated by 
Mr. Lincoln, in selecting a recorder with a galvanometer whose 
characteristics are suited to the remainder of the circuit including 
the transmission circuit and resistance of the converter elements 
•as the damping in this circuit plays a very great part in the 
•character of the record obtained. Due to the slight time lag in 
the thermal converter, it is naturally to be expected that a some¬ 
what smoother load curve should be obtained from these devices 
than from direct-acting meters. It might also be mentioned that 
by careful adjustment and maintenance, it has been possible to 
•obtain a performance from these recorders which is believed to 
surpass materially the expectations of the manufacturers. 

C. G. Browns I should just like to ask Professor Lincoln 
whether in his tests on the wattmeter as he showed it, he has any 
results as to the accuracy of the wattmeter element with, for 
instance, half voltage and double current. 

A. R. Wells* The recording potentiometer as used in the 
Toronto installation was found to be designed to record a number 
•of temperature indications at widely different portions of the 
scale. It was found the meter was designed to jump from, say, 

10 per cent to 70 per cent of scale for the next indication. That 
does not suit the case where there are small variations of load, 
^11 of which are required to be recorded, so it was necessary to 
modify the speed of the pen across the paper so that it moves the 
full width of the paper in approximately 40 sec. 

There are three essential adjustments in all graphic poten¬ 
tiometers, (1) zero adjustment of the galvanometer, (2) the 


adjustment of the slide-wire current, and (3) the adjustment of 
the pen zero so that it coincides with the chart zero line. 

It was considered necessary in view of the importance of the 
record, to have a record on each day's chart .that all of these adjust¬ 
ments were correct. This was accomplished by using the fact 
that as long as the galvanometer pointer remains at zero the pen 
will make a line on the chart parallel to side of the chart. 

The galvanometer zero is recorded by disconnecting it from 
the circuit and short circuiting it through a resistance of the 
proper value for damping. 

The correctness of the slide-wire current is recorded by con¬ 
necting the galvanometer in the usual manner for this test. 
If the adjustment is correct the galvanometer will be on zero 
and the pen will make a line parallel to the edge of the paper. 

The fact that the pen zero is correct is recorded in the samo 
way as is normal in other graphic meters, by disconnecting the 
meter from the external circuit, but in this case the instrument 
must be short-circuited through a resistance. 

All of these features have proved their value in service because 
of the magnitude of the load and because this meter must agree 
with the sum of the indications of the loads which are totalized. 

P. M. Lincolns There is one point on which I expected some 
question concerning the method of totalizing which I have 
described. That was on the relatively low voltages which were 
generated by the so-called thermal converters. We use, as I 
indicated in the paper, 10 millivolts per single phase element, 
which will mean 20 millivolts per polyphase element, where there 
are two single-phase elements used to measure the total polyphase 
energy. Twenty millivolts per converter, even with the 23 such 
thermal converters used on the system of the Hydro-Electric 
Power Commission, will still make a total of considerably less 
than one volt at the potentiometer. It might be claimed that 
if there is any d-c. leakage into such a circuit, the error will be 
very considerable, which is true. It might bo contended that 
if the individual converter voltages were higher there would be 
an improvement. I would question such a contention. If there 
is going to be any d-c. leakage, there will be an error and the error 
is going to be the ratio that the parasitic voltage bears to the 
normal voltage. If such a parasitic voltage occurs, it is, I submit, 
much better to have such a voltage apparent at once to the 
operator than to have the parasitic voltage be so small a per¬ 
centage of the measured voltage that it cannot be readily dis¬ 
tinguished. I, therefore, submit that it is preferable to have 
a total measured voltage which is low so that parasitic voltages 
can be instantly detected, rather than to have the measured 
voltage higher. 

Mr. Brooks has indicated that there are methods of measuring 
the voltage other than the potentiometer which is described. It 
has been our experience that in all cases we have come in contact 
with, a graphic record is demanded and the recording poten¬ 
tiometer which we have been using gives such a graphic method. 

If we are willing to dispose of the graphic chart and simply wish 
an indication, there are many other methods which might be 
accepted and adopted and one that Mr. Brooks has mentioned 
is certainly one that would be considered if the graphic record 
were not required. 

Mr. Brown asked concerning the accuracy of these thermal 
wattmeters with other voltages and other currents applied. 
He asked specifically if we took one of these thermal wattmeters 
which had been adjusted for normal voltage and normal current 
and put on half voltage and double the current, would there be 
any error. I can say no. There is no observable error with a 
change of such a nature. The observable error is less than can 
be read. In other words, the thermal meter is just as truly a 
wattmeter as the ordinary electrodynamic instrument with which 
we are all familiar. 
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Synopsis.—This paper is presented for the purpose of describing 
a new method of compensation, by the use of which the ratio and 
phase-angle errors of current transformers are materially reduced. 

There arc several methods by which the ratio and phase-angle 
errors of current transformers may be reduced. The following 
are those which are most commonly used: 

1. By changing the number of secondary turns, which reduces 
ratio errors only. This method is universally used and operates 
satisfactorily under various conditions of burden, frequency, etc. 

3. By the use of a larger number of ampere-turns, a large 
cross-section of core, or both. 

An increase in either one of these factors improves the accuracy 
characteristics of the transformer under the different conditions 
of burden, frequency, or secondary current. 

8. By the use of a high-permeability low-loss steel, which 
improves the transformer characteristics for moderate values of 
secondary burdens. The errors increase rapidly under overload 
conditions. 

■4- By the use of the two-stage type transformer, which operates 
satisfactorily under the various conditions of burden and frequency. 
Slightly special equipment is required, however, for power or energy 
measurements. 


5. By the use of compensating shunts across the primary or 
secondary windings of the transformer. This method operates 
salisfiactorily only under fixed conditions of burden, frequency, etc. 

6. By a new method, in which the secondary turns enclose a 
section of the magnetic circuit and a short-circuited band encircles 
the same section. By the use of this method both ratio and phase- 
angle errors are reduced for the various conditions of burden, 
frequency, and secondary current. 

The change in ratio and phase-angle characteristics between 
light and full load is considerably reduced, resulting in more 
nearly straight ratio and phase-angle ciirves. This is a desirable 
feature in view of the demand for meter and transformer combina¬ 
tions which must operate satisfactorily over large ranges of current. 

The overload characteristics of the current transformer arc not 
injured by the use of this method of reducing the transformer errors. 

I he usual insulation between the primary and secondary can 
readily be maintained. 

The use of this compensating feature does not in any way impair 
the strength of the transformer to withstand over-current shocks. 

JV*o changes in the physical dimension of the transformer are 
required by the application of this compensating method. 


Introduction 

S is quite well known, the ratio and phase-angle errors 
inherent in current transformers are due to the 
exciting current which is required to maintain the 
flux and supply the losses in the core. There is a 
number of methods by which these errors may be 
reduced or compensated for. The following are most 
commonly used and operate with varying degrees of 
effectiveness for the various conditions of burden, 
frequency, etc., to which the transformer may be 
subjected. 

1. The changing of secondary turns. This does 
not affect the losses, but raises or lowers the ratio 
approximately the same amount for the different 
values of secondary current. It has no effect on the 
phase angle. This method, which is universally used, 
operates equally well under the various conditions 
mentioned above. 

2. The use of a large number of ampere-turns, a 
large cross section of core, or both. For a first ap¬ 
proximation the errors in a current transformer are 
inversely proportional to the square of the number of 
ampere turns and to the cross section of the magnetic 
circuit, assuming the mean length to remain constant. 
Therefore, an increase in either one or both of these 
factors will improve the operating characteristics of 
the transformer under all conditions. The use of these 
two methods is limited, however, by the physical 
dimensions of the transformer. 

1. Standardizing Laboratory, General Electric Co., West 
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S. The use of a high permeability low-loss steel. 2 
By using a steel which has a higher permeability 
and lower losses than the ordinary transformer steel, 
the exciting current may be diminished, thus reducing the 
transformer errors. A material having these char¬ 
acteristics, however, usually saturates at quite low 
densities, so that for moderate burdens or overload 
conditions the ratio and phase-angle errors increase 
very rapidly. 

•4* The use of the two-stage type of transformer .* 
This transformer is built in two stages or cores. The 
function of the second stage is to supply a current 
which is equal in phase relation and magnitude to 
the exciting current required by the first stage. This 
type of transformer works well under any of the operat¬ 
ing conditions to which it may be subjected. Some¬ 
what. special equipment is necessary, however, for 
power or energy measurements. 

5. The use of compensating shunts across the 
primary or secondary windings of the transformer. 
This method of correction operates satisfactorily only 
for fixed conditions of burden, frequency, etc. 

6. A new method has recently been developed. When 
used in conjunction with the first method as de¬ 
scribed above, it furnishes a simple and effective 
means by which the ratio and phase-angle errors of 
current transformers are materially reduced. This 
type of correction operates in such a way as to effect an 
alteration of the flux conditions in the magnetic circuit, 

2. Current Transformers with Nickel-Iron Cores, by Thomas 
Spooner, A. I. E. E., Tuans., 1926, p. 701. 

3. Two-Stage Current Transformer, by H. B. Brooks and 
F. C. Holtz, A. I. E. E., Trans., 1922, p. 382. 
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so that the product of the flux and secondary turns 
will vary in a'direct proportion to the primary current. 

This tends to produce a constant ratio between the 
primary and secondary currents for different percent¬ 
ages of load. The resulting constant error may then 
be reduced by the usual method of changing secondary 
turns. 

In the new method of correction, the phase-angle 
errors of the current transformer are reduced by the 
use of a lag band on a section of the magnetic circuit. 
The function of this band is to lag the flux slightly, 
so as to throw the secondary current nearer in phase 
opposition to the primary current. The effect of this 
compensation varies with the percentage of load in 
such a way that a large correction is obtained in the 
light load region, where the errors are large, and a 
smaller correction as full load is approached, where 
the errors are less. This combination of ratio and 
phase angle corrector operates well under the various 
conditions of burden, frequency, and load, as well as 
under various overload conditions. The transformer 
is also entirely standard, in so far as the use of external 
apparatus in either the primary or secondary circuits 
is concerned. 

Details of the New Method of Reducing the Ratio 
and Phase Angle Errors of Current 
Transformers 

The principle upon which this new type of ratio 
corrector operates is, in effect, that of automatically 



Fig. 1—Sectional View op a Current Transformer 


Illustrating location of compensating turns anr? na mt a tu t. 
Double lines indicate position of seanS coflT^ P®maUo y shunt. 


changing the effective secondary turns as the load 
increases or decreases. 

i mA r f eX i^ lple ’ 358111116 a ratio correction factor of 

ii° f °l3° per cent load and of 1-000 for 100 per cent 
load. This indicates that at 10 per cent load the 
secondaiy current will be 1 per cent too small and at 
100 per cent load it will be correct. Therefore if it 
were possible to increase the number of effective secon¬ 
dary turns by the proper amounts as the current in¬ 


creased from light load to full load, the ratio of the full¬ 
load point would be the same as that of the light-load 
point. 

The resulting constant error, which in the case 
mentioned above would be 1 per cent, could then be 
eliminated by reducing the number of secondaiy turns 
1 percent. 

In order to determine a method by which the effective 
secondary turns of a current transformer could be 
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Fig. 3—Effect of Changing Partial Secondart Turns on a 
Current Transformer 


x Standard transformer 
• Compensated transformer 


automatically changed for different load conditions, 
tests and calculations were made on a transformer in 
which the magnetic circuit and secondary turns were 
arranged as illustrated in Fig. 1. Here will be noted 
that the secondary windings are arranged in two 
sections on the magnetic circuit, with the larger 
number of turns on the first or main section, and the 
remainder, usually one or two per cent of the total, 
on the second section. Since all of these turns are 
wound in the same direction, a correction in the ratio 
would be obtained if the flux could be shunted around 
the smaller number of turns for the lower values of 
secondary current and gradually caused to flow through 
than in the proper direction as the current increases. 
This would then have the effect of adding secondary 
turns as the current or load increased, which in turn 
would increase the ratio and straighten out the ratio 
curve. With the proper number of turns on both 
sections, the five-ampere or full-load point would 
have approximately the same ratio as the 0.5-ampere 
pomt. This is graphically illustrated in Fig. 2. 

In order to afford a means by which the amount of 
flux linking the smaller number of turns could be altered 
a shunt was employed which was made up of permalloy 
stops inserted as illustrated in Fig. 1. (Any material 
which has a low reluctance at low flux densities may be 
used for this shunt.) 

The secondary turns around section A produce a 
magnetomotive force, the action of which is vital to the 
operation of this corrective method. This magneto- 

hve force causes a circulating flux, as illustrated in 
Fig. 3, which is superimposed on the main or primary 
flux m sections A and B. This results in a change in 
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the relative flux densities of these two sections. Since 
the circulating flux varies with the secondary current, 
the relative flux densities in the two sections will also 
vary. This variation in density will cause a change 
in the relative reluctances of the two sections so that 
at higher currents, the reluctance of section B will be 
considerably larger than that of section A, thus causing 
a relatively larger portion of the main flux to flow in 
the latter section. 

Therefore, since the proportion of main or primary 



Pig. 3 Redistribution op Flux in Core op Compensated 
Current Transformer 

flux, linking the secondary turns on section A, increases 
with the secondary current, the desired effect of an 
increase in effective secondary turns will be produced. 
This tends to maintain a nearly constant ratio for 
different values of secondary current. 

From the arrangement of the turns on section A, 
and the arrangement of the magnetic circuit, it is seen 
that it is merely necessary to have a portion of the 
primary flux change from section B to section A as the 
secondary current increases, in order that the secondary 
turns on the larger section may become more effective 
and increase the ratio of transformation. This change 
will occur when the flux density of section B is such that 
the reluctance increases more rapidly than the reluc¬ 
tance of section A. In order to produce this condition, 
it is necessary to operate section B on the descending 
side of the permeability curve so that as the secondary 
current increases, the reluctance of this section will 
increase at a faster rate than that of Section A, which 
operates lower down on the permeability curve. The 
reluctance of the latter section may actually decrease 
as the flux density increases, due to the increase in 
secondary current or burden. 

Although the ratio errors may be very materially 
reduced by the use of this type and construction of the 
magnetic circuit, it was considered impractical from a 
manufacturing standpoint for use in standard type 
of current transformers. Consequently, calculations, 
tests, and flux measurements were made on a trans¬ 
former in which the parallel magnetic circuits were 
formed by an opening or hole through the laminations, 
as indicated in Fig. 4. The flux measurement proved 
that, with the proper number of secondary turns on the 


parallel section of the magnetic circuit, it was possible 
to produce flux conditions in this region which had the 
same effect on the ratio characteristics as was obtained 
by the use of the permalloy shunt. This construction 
proved to be satisfactory both from an electrical and 
mechanical standpoint and has been adopted by the 
General Electric Company in the manufacture of 
transformers using this method of compensation. 

It will be noted in Fig. 4 that the secondary compen¬ 
sating turns enclose the narrow section of the magnetic 
circuit. The results obtained with the turns on either 
the narrow or wide section of the magnetic circuit are 
practically identical, providing the proper direction of 
winding is maintained. The direction of winding should 
be such that the instantaneous direction of the Auxin 
the wider section of the parallel magnetic circuit, due 
to the current in these turns, will be opposite to the 
main flux. If these flux relations are maintained, a 
change in the main flux from sections S or T to R or U, 
respectively, as the flux density increases, will produce 
practically identical results regardless of whether the 
compensating turns enclose the wide or narrow section 
of the parallel magnetic circuit. 

The flux densities in sections T and U are plotted 



®' IQ * ^ 15,000-VoiiT Compensated Current Transformer 

(Letters indicate position of search coils used In making flux 
measurements.) 

on a characteristic d-c. permeability curve for Z?“X 
steel in Fig. 5, to illustrate the difference in the relative 
permeabilities of the two sections for 0.6 and 2.5 
amperes secondary current. 

It will be noted that until the flux densities indicated 
for both sections with 0.6 ampere secondary current 
are doubled, there will be but a slight change in the 
relative permeabilities and consequently the reluc tances 
of the two sections. Thus, under these conditions, the 
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compensating turns would start functioning to correct 
the ratio at approximately 1.0 ampere secondary cur¬ 
rent, as illustrated by the ratio curves in Fig. 7. 

It is realized that the flux relations as illustrated on a 
d-c. permeability curve are not strictly true, but are 
considered satisfactory from the point of view of a 
qualitative analysis. 

The corrective idea described thus far concerns the 
reduction or elimination of the ratio errors of current 
transformers, and has practically no effect on the 
phase angle. The phase angle for most current trans¬ 
formers, except those having a large number of ampere 
turns or having a large leakage reactance, are generally 
positive at lower current values and decrease as the 
current increases, until at full load rating the phase 
angle may be zero, or even negative. Since a positive 
angle indicates that the secondary current reversed 
leads the primary current, it is evident that if the 



Fig. 5—-Permeability Curves for DX (Silicon) Steel 

Illustrating the flux density in the parallel magnetic circuits of a com- 
pensated current transformer 

A. Section XT—Secondary current 0.5 ampere 

B. Section T—Secondary current 0.5 ampere 

C. Section V—Secondary current 2.5 amperes 

D. Section T—Secondary current 2.5 amperes 


secondary current were lagged by the proper amount, 
the phase angle could be reduced to zero. Also, if 
this lagging effect were diminished as the current is 
increased, it would be possible under proper conditions 
to correct for the large phase-angle errors at light loads 
or low currents and the small phase-angle errors occur¬ 
ring at full load. 

The method used to reduce the phase-angle errors 
involves the use of a lag band which encloses the same 
section of the magnetic circuit as does the secondary 
corrective turns. The action of the current in this 
band causes the main flux to lag slightly, consequently 
lagging the secondary current and throwing it nearer in 


phase opposition to the primary current, thus reducing 
the angle between the two currents. The action of this 
lag band may be likened to that of the lag band of a 
watt-hour meter, in which case the potential flux is 
caused to lag sufficiently to produce the quadrature 
relation between the flux and voltage of the potential 
element. 

In the case of the compensated transformer the 
magnitude of the angles involved are so small that it is 
practically impossible to make flux measurements of 
sufficient accuracy to determine the exact manner in 
which the secondary current is caused to lag, also the 
reason for the change in the lagging effect as the flux 
density changes. Precision measurements of the phase 
angle accurately indicate the resulting effect of the lag 
band, and it is, of course, these results which are of 
primary importance. 

In Tables I and II are given the flux densities and 
phase relation of the flux for the various sections of the 
magnetic circuit illustrated in Fig. 4, taken both with 
and without the compensation. In connection with 
these data it is interesting to note the effect of the leak¬ 
age flux on the distribution of the mutual flux in the 
core. The density in the external member of the 
magnetic circuit is more than twice that of the inside 
member. There is also a change in phase relation of 
approximately 25 deg- between the fluxes in these two 
sections. 


X I1I3UJCJ X 


Flux measurements taken, on a 1500-ampere-turn, 15,000-volt current 
transformer (cross-section of core 19.5 sq. cm. mean length of core 50 cm). 
Secondary burden 0.68 ohms resistance and 980 mlcrohenrys inductance 
(19.4 volt-amperes at 0.88 power factor). Normal transformer, no secon¬ 
dary corrective turns or short circuited turns. (See Fig. 4.) 


7 Sec. 

amperes 

Induced 
voltage in 
search, coils 

Angle betw. 

flux in 
search coils 
and sec. 
current 

Total flux 
in search 
coils (max. 
value) 

0.498 

0.0224 

124*48' 

841 


0.0228 

158°41' 

1077 


0.0231 

159°52' 

865 


0.0523 

159*32' 

1960 

“ 

0.0546 

160*48' 

2046 


0.0557 

160*44' 

2085 


0.0298 

159°44' 

1115 


0.0240 

160*18' 

900 

2.506 

0.1146 

124*57' 

4300 

u 

0.1447 

158°35 

5430 

* 

0.1204 

159°21' 

4510 


0.267 

159°5' 

10020 

u 

0.278 

159°49' 

10420 

“ 

0.285 

160°19' 

10700 

“ 

0.1525 

1 159*47' 

5720 


0.1256 

159*33' 

4710 

4.98 

0.228 

125*12' 

8530 


0.282 

158*38' 

10560 


0.244 

159*46' 

9130 


0.536 

159*18' 

20100 


0.557 

160*3' 

20900 


0.572 

160*36' 

21450 


0.288 

160*25' 

10770 


0.267 

159*44' 

10030 


Section 


P 

R 

S 

Q 

M 

N 

U 

T 

P 

R 

S 

Q 

M 

N 

U 

T 

P 

R 

S 

Q 

M 

N 

U 

T 


Flux 

density 

gausses 


42 

141 

196 

100 

104 

100 

146 

204 

219 

715 

1025 

512 

532 

547 

753 

1070 

430 

1390 


1025 

1005 

1095 

1417 

2280 
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TABLE II 

Mux measurement taken on a 1500-ampere-turn, 15,000-volt, current 
transformer (cross-section of core 19.5 sq. cm. mean length of coro 50 cm ) 
Secondary burden 0.08 ohms resistance and 980 microhonrys Inductance 
(19.4 volt-amperes at 0.88 power factor). Three secondary corrective 
turns around Sections S and T. One short circuited turn around Section 
o. t See Fig. 4.) 


Section 

encircled by Sec. 
search coil amperes 


Induced 
voltage In 
search coils 







Angle botw. 

ilux in 
search colls 
and sec. 
current 

127°42' 

SOOTS' 

10(J°32' 

i57°40' 

158°35' 

159°32' 

334 b I2' 

I55°ll* 

I28°23' 

200°53' 
99°33' 
158°24' 
159°,S' 
lOO 0 ?' I 
340°15' 
104°42 


159°37' 

100°23' 

354°40' 

100 ° 48 ' 


Total Ilux 
in search 
coils (max. 
valuo) 


Mux 

density 

gausses 


21720 H07 
22320 1139 
-45300 5900 
00000 15000 



the flux in Section U for the 0.5-amperes secondary 
point is more than eight times the amount in the 
uncompensated transformer for the same section. The 
sign is reversed which indicates a reversal of the flux. 
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^’ I0, 7—Ratio and Phase-Angle Curves 


60 cycles frequency 

- -Compensated type. 15,000-volt current transformer 

■ Same transformer without compensation 


Fra. 6—Vector Relations of Flux in a Compensated 15,000- 
Volt Current Transformer 

.0.5 ampere secondary current 

Letters refer to sections enclosed by search coils In Mg. 4. Primes 
indicate measurements made without compensating turns on sections S or T 

A vector diagram illustrating flux conditions in the 
magnetic circuit of the compensated transformer is 
given in Fig. 6. It will be noted on this diagram that 
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Fra. 8—Overload Curve on 15,000-Volt, 20-Ampere, 4:1 
Ratio, Compensated Current Transformer 

in this section. This alternation of the flux condition 
is, as was the case when the permalloy shunt was used, 
due to the secondary turns on Section T. 

It should be noted that inasmuch as the flux measure¬ 
ments were made by the use of the a-c. potentiometer 
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there are possibly some errors in the data due to 
wave form distortion. This distortion is confined, how¬ 
ever, to the section of the magnetic circuit in the 
vicinity of the compensating turns, and has no appre¬ 
ciable effect on the normal operation of the transformer 
as a whole. 

The phase-angle errors except for low power factor 
measurements are practically negligible on 60 cycles, 
for burdens up to 45 volt-amperes. 

The use of the lag band on one of these parallel 
magnetic paths again alters the flux relations in the 
circuit by causing a large phase displacement between 
the flux in the two paths as is represented by vectors 
0 S and 0 R in Fig. 6. 

From the tabulated data it will be seen that similar 
conditions exist in the phase relation and distribution 
of the flux for the 2.5- and 5.0-ampere secondary 
current values. 


The successful operation of protective methods 
employing differential and balanced relays largely 
depend on the similarity and uniformity of the current 
transformers characteristics under overload conditions. 
Since this compensating method can be applied to 
transformers of standard construction, both the com¬ 
pensated and uncompensated types can be used inter¬ 
changeably for this service. 

Accuracy tests indicate that there is practically no 
change in ratio or phase-anglecharacteristicsfor changes 
of 25 deg. cent, in ambient temperature. 

The use of this new compensating feature in no 
way impairs the strength of the transformer to with¬ 
stand over-current shocks. 

The usual insulation value for breakdown between 
primary and secondary and primary to core can readily 
be maintained. 


Results 


Discussion 


The curves in Fig. 7 indicate comparative results 
obtained on the high grade metering type of transformer 
both with and without the new compensating feature. 

These results show the straight line ratio character¬ 
istics, obtainable with the new method of compensating 
current transformers. This is considered a valuable 
feature in view of the demand for long range metering 
equipments, since by the use of this method of compen¬ 
sation the transformer-range has been considerably 
extended in the light load regions. Although the ratio 
errors for a secondary burden of 0.24 ohms resistance 
(6.0 volt-amperes at 1.0 power factor) are in the order of 
only 0.15 per cent, and for most high grade metering 
considered negligible, a practically perfect over-all 
meter-transformer calibration may be obtained fox: 
values of secondary current from 10 per cent to 100 
per cent load by merely adjusting the full-load cali¬ 
bration of the meter to take care of this error. For 
a secondary burden of 0.68 ohms resistance and 980 
mierohenrys inductance (approximately 20 volt-am¬ 
peres at 0.9 power factor) the ratio of transformation 
is practically perfect from 15 to 100 per cent load. 
From 5 to 15 per cent load the error is still small ] 
approximately 0.25 pa- cent. 

Variations in accuracy characteristics between trans¬ 
formers of the same type and rating are principally 
caused by variations in the quality of the steel used in 
the cores. While the compensating method does not 
directly reduce these errors, it does, by considerably 
reducing the greater errors, make these smaller errors 
more important, and undoubtedly will result in a 
greater effort to improve the quality and uniformity 
of the steel used in current transformers. 

The overload characteristics for this type of trans¬ 
former are illustrated in Fig. 8. Tests indicate that 
there is practically no difference in the overload per¬ 
formance of the compensated and uncompensated 
transformers of the same type and ra ting 


I* Kinnard. : The scheme of, compensation described by 
Mr. Wilson was first conceived by him as a simple and direct 
method of obtaining the effect of variable secondary turns by 
utilizing the varying permeability of a magnetic shunt. 

After much painstaking experimental work he discovered that 
the scheme not only worked but worked well. He found 
that the same results could be obtained by dispensing 
with the shunt and utilizing a parallel magnetic circuit 
in a small section of the core. The arrangement, although 
simple in application, is difficult of exact analysis, due largely to 
the local circulating flux set up. Mr. Wilson, has indicated that 
it is not the modification in this internal secondary burden that 
produces the beneficial results but rather that the main flux 
divides according to the admittances of the paths at all times. 
This is probably the correct point of view. 

Undoubtedly a more rigid analytical study can be made but 
the author has demonstrated very clearly the practical impor¬ 
tance of the scheme and has given a clear and logical explanation 
of its functioning. 

J. B. Gibbs: The new method which Mr. Wilson outlines 
gives very excellent curves and would be very valuable for 
current transformers if we were confined to silicon steel cores. 
We have found, however, for the smaller current transformers 
which make up the bulk of production, that equally good results 
can be obtained by the use of hypernik cores of proper propor¬ 
tions as mentioned in Mr. Wilson’s paper. Comparing the 
transformer on the hypernik core with the former standard 
ransformer on the silicon-steel core, we, use about the same 
amount of copper, about one-third the weight of core, and con¬ 
siderably smaller dimensions. Comparing the transformer on 

e ypernik core with the transformer with the new compensa- 
ion, we get about the same performance and smaller weights 
and dimensions. 


-- a ue uxemoa or correcting for the ratio and 

p^se angle errors in current transformers, as described by Mr. 
j s ° n . m P a P er * seems to be applicable where the char¬ 
acteristics of the core material cannot be used to the same ad¬ 
vantage. From the formulas derived by Dr. Agnew in the 
Bureau of Standards publication, Vol. 7, No. 3, the per cent ratio 
and phase angle of current transformers may be stated- 


Per cent ratio 

' [~r +a '( 

Vx)] 100 

(1) 

Phase angle 

= tan -1 ( a'— 
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r 

w 

VA 


turn ratio, secondary to primary 
nominal, or name-plate, ratio 
weight of core material in lb. 
volt-ampere burden on the secondary, in¬ 
cluding external and internal burdens 
P Cos <p + Q Sin <p 

* 2 Q Cos * ~ p Sin * 

F ^ core loss in watts per lb. of core material 

— magnetizing volt-amperes per lb. of core ma¬ 
terial 

Now if in Tin** power factor angle of secondary circuit 

\ ) and (2) a combination of design values, can be 
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J^ia. 1 —Ratio and Phase Angle Curves 


Nickel-Iron Alloy Core 
7500-Volt Design 


found .such that. (7 y-^ and ^ are constant,, or nearly 

so, then the flat, or straight line, characteristic for ratio and phase 
angle curves obtained by Mr. Wilson can be realized without the 
compensating windings. Unfortunately, with the present com¬ 
mercial silicon steels this cannot be done, praetieably. However, 
the proper use of a certain nickel-iron alloy results in nearly 
constant values for both these quantities over a co nsider able 
range. This alloy is described in the paper by Spooner, cited 
in (he references in Mr. Wilson’s paper. 

Finding Mju correct combination for this condition is more of an 
experimental proposition than a calculation, as the calculations 
are at. host only qualitatively reliable, due to the difficulty in 
calculating the effect of the leakage flux. As one example, in a 
7500-volt design tlie combination which seems to give the best 
results employs 1500 to 1600 ampere-turns and rather high flux 
densities, approximately 2000 gausses, in the core section under 
Urn secondary winding with an external secondary burden of 
25 volt-amperes, 0.80 power factor, 60 cycles. The weight of 
this core is only 3.5 lb. In all cases the flux densities which 
produce most satisfactory results are from 2 to 4 times those 
of a similar silicon-steel design, for the same burden, ampere- 
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turns, etc. From this it might be supposed that sueh transformers 
would have very poor ratio characteristics at overcurrents, since 
nickel-iron alloys saturate at lower values than do silicon steels. 
Such is not the case, however. Figs. 1 and 2 herewith show typi¬ 
cal performance curves for a 7500-volt design for both normal 
and overcurrents. From a comparison of these curves with the 
ones given by Mr. Wilson, it is evident that almost identical 
results have been obtained, but by somewhat different methods. 

M. S. Wilsons The type of compensation described in the 
paper furnishes a simple and reliable means of improving the 
performance of standard current transformers. 

There is, of course, a number of different methods by which the 
transformer characteristics may be improved. The use of a 
core material which reduces the exciting current obviously will 
reduce the ratio and phase-angle errors. 

Due to the lack of a complete statement as to the secondary 
burden at which the overload curve presented by Mr. Wiggins 
was made, a discussion of this curve must be based on certain 
assumptions. It is the Institute practise to state the secondary 
burden of instrument transformers in ohms and henries, which 
are maintained constant regardless of the frequency or per¬ 
centage of primary current. 


B 


1.08 


o 

6 


1 . 00 . 




1 'I I" 1 ' ' 

Secondary Burden 


~1 



25 

V.A 

.0.81 

0P.I 

V'60 

Aj 


T 



















i 










T~ 









1 









7 

r ■■■ 1 








z 






= 

_ 


7 

— 






-rwv VW AtUU J.OUU 
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Fig. 2—Ovbrcurmlnt Curve 

Nickel-Iron Core 
7500-Volt Design 

From Mr. Wiggins’ description of the transformer and from 
the character of the overload curve shown in his Fig. 2, it would 
appear that the impedance of the secondary burden was ad¬ 
justed for different percentages of current, so that the volt- 
ampere value was maintained constant. On this basis the 
impedance external to the transformer would be 1.0 ohm for 
100 per cent current and only 0.0025 ohms for 2000 per cent 
current, whereas in the compensated type 1 ohm impedance was 
held constant throughout the entire range of primary current as 
shown by the curve in Fig. 8 of the paper. 

On this assumption the overload curves for the two types are 
not comparable. 
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Synopsis—The ■potentiometer principle is well understood, in unshielded form, to about 66 ho. and in shielded form to about 

ts application to the determination of the ratio and phase angle 33 kv. The paper describes a shielded potentiometer for 132 ho. 

accuracy of potential transformers is not new, but has been limited which is designed for ultimate extension to 220 kv. 


Introduction 

HE first potentiometer used in the Schenectady Lab¬ 
oratory for determining the ratio and phase angle 
accuracy of potential transformers was described 
in 1909. This “deflection” potentiometer was rated 
at 33 kv. and remained in service until 1920. By that 
time many 66-lev. potential transformers had been 
built so that it became necessary either to extend the 
voltage range of the potentiometer or to abandon the 
early policy of having equipment available for testing 
at full rated voltage. A second potentiometer rated at 
66 kv., which differed from the first principally in the 
type of resistors used, was therefore built and put into 
operation; but even this greater range soon became 
inadequate. The accumulated experience showed that 
the general scheme employed was entirely satisfactory 
but that a further extension of the voltage range 
would necessitate radical changes in the construction 
and arrangement of the resistors, principally to secure 
better dissipation of heat and to permit shielding against 
capacitance to ground. 

In order to make further extension possible, the 
author proposed in 1924 to construct 100,000-ohm 
resistor units of fairly large dimensions rated at 11 kv. 
each, and to maintain the respective unit shields at the 
proper potentials by means of a special auto-transformer 
(in separate sections) of ample rating with suitable 
taps. Four of the units and one auto-transformer 
section constitute a complete 44-kv. group; the number 
of series groups necessary is determined by the voltage 
range, desired. To the best of his knowledge, the pro¬ 
posed arrangement and method of shielding had not 
been utilized before. The 132-kv. potentiometer herein 
described incorporates the proposed features. 

Objective 

A potentiometer was desired, which would (1) cover 
the range from 6.6 to 132 kv. at first and to 220 kv. by 

1. General Engineering Laboratory, General Electric Com¬ 
pany, Schenectady, N. Y. 

2. Electrical Measurements on Circuits Requiring Current and 
Potential Transformers, by L. T. Robinson, A. I. E. E. Trans., 
Vol.28,1909, p. 1005. 

Presented at the Winter Convention of the A. I.E. E., New York, 
N. F., Jan. 28-Feb. 1,1929. 


future extension and (2) conform as closely as practi¬ 
cable to an ideal potentiometer over the entire range. 

An ideal potentiometer should incorporate the fol¬ 
lowing features: 

a. The d-c. resistance of the unit(s) obtained 
by means of a low voltage bridge should remain constant 
and should equal the a-c. effective resistance at operat¬ 
ing voltage. 

b. The current in all parts of the resistor(s) should 
be exactly proportional to and in phase with the line 
voltage. 

e. The flexibility required should be obtainable 
without excessive complications and without sacrificing 
convenience of operation. 

Summary 

The installation of three 44-kv. series groups and 
accessories at Pittsfield was completed in 1928. The 
groups alone occupy about 380 sq. ft. (42 ft. by 9 ft.) of 
floor space, have a height of approximately 12 ft. and 
weigh about 65 tons (the first potentiometer complete 
weighed less than one ton). A “General Description” 
of the potentiometer is given under that title. 

Potential transformers have been tested for accuracy 
over the range from 6.6 to 132 kv. at 25 and at 60 cycles 
(see comments under “Test Results”). 

Compared with the ideal outlined: 

a. The d-c. resistance of the units is practically 
constant and agrees with the a-c. resistance within 
0.01 per cent. 

b. The current in the units is directly proportional 
to the line voltage at all points but small phase dis¬ 
placements exist. The “net” phase angle of the current 
at 60 cycles ranges from approximately —1' (leading) 
at 6.6 kv. to —7' at 44 kv. in the first group, to —6' at 
88 kv. with two groups and to —4' at 132 kv. with three 
groups; the corresponding corrections have the same 
signs. 

c. Transformers rated between 6.6 and 44 kv. in 
1.1-kv. steps (with a corresponding increase in ratio) 
and between 44 and 132 kv. in 5.5-kv. steps can be 
readily tested; this includes practically all standard 
ratings. Odd ratings differing less than 4 per cent 
from those indicated can usually be tested without special 
adjustments, but other odd ratings require an adjust- 
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ment of the resistance. The ratio (correction factor) 
is read directly (or by inter-polation) for standard 
ratings but must be calculated for odd ratings; the 
phase angle is calculated from instrument deflections in 
all cases. 

The complications are not excessive and the operation 
is reasonably convenient; provision is made also for 
operating with the mid-point instead of with the lower 
end of the potentiometer grounded. 

The twelve resistor units and the three auto-trans¬ 
former sections or shielding transformers are respec¬ 
tively interchangeable. 

Conclusions 

The accuracy obtainable is sufficient to permit certify¬ 
ing results to within 0.1 per cent in ratio and to within 
five minutes in phase angle over the entire range; these 
limits are in accord with our best previous practise. 

The potentiometer can be extended to 220 lev. 
without making radical changes in any of the groups 
whenever the demand justifies it. 


between the total potentiometer resistance in use and 
the normal known fraction thereof is the same as the 
marked or nominal ratio of the transformer under 
test (60:1 or 60,000:1000 ohms for a 6600:110-volt 
transformer). 

In Pig. lb, which applies only to the determination of 
the ratio between E and E s , a “balance” is obtained 
by interpolation between the 0.1 per cent steps (not 
indicated) in the fractional resistance; the correspond¬ 
ing ratio accuracy (ratio correction factor) is read from 
a dial scale; the correction due to the phase angle 7 is 
usually negligible (equals only + 0.015 per cent for a 7 
of dr 1 deg.). 

( The fractional resistance is made up of a 950-ohm 
fixed resistor and a 100 -ohm “dial” resistor with 
one-ohm steps and a contact arm. Since the normal 
resistance value is 1000 ohms, this gives a range of 
dr 6 per cent in 0.1 per cent steps in the drop voltage 
E d . Each 0.1 per cent step is marked directly in 
“ratio correction factor,” 



Fig. I Piuncii*t,br or Ofbiiation of "Dhsxmction” PoMnmoMRTBrw 


(a) Ratio and plmso angle 

(b) Ratio only 

(c) Phase angle only 


Principles of Operation 

The principles of operation of our “deflection” 
potentiometers, which utilize deflections as well as null 
or zero instrument readings in comparing voltages, 
have been described" but are outlined again here. 
These principles will be apparent from a study of Fig. 1 . 

In the general diagram Fig. la, which applies to the 
determination of the ratio and the phase angle between 
E and E s , the primary H, winding of the potential 
transformer under test and the potentiometer resistance 
at the proper tap are connected in multiple and supplied 
with rated voltage E from a grounded sine wave source. 
The transformer secondary X x voltage E a is compared 
with the voltage drop E D across a known fraction of the 
potentiometer resistance in use. 

The potentiometer resistance chosen is 9.09 ohms 
per volt ( 1000 ohms for each 110 volts). The ratio 

3. L. T. Robinson, Loe. cii. 


( or R. C. F.; this is the 


true ratio 
marked ratio 


The field F of the ratio detector is supplied (with 
Iv') by Ea, while the moving element is supplied by the 
vector difference between E a and E n ; series resistors 
are used in both detector circuits. If a balance between 
E s and E D , as shown by a zero detector reading, is not 
obtainable on any step in the “dial” resistor, interpola¬ 
tion between any two adjacent steps is readily made by 
means of the two corresponding deflections. The 
ratio between the total potentiometer resistance in use 
and the fractional resistance at the “balance” point is 
evidently the true ratio of the potential transformer 
under test (T R = M R x R. C. F.). The correction 
necessary for occasional large transformer phase angles 
7 is due to the fact that 7 causes the hypotenuse 
Ed of the voltage triangle to exceed slightly the leg 
F 9 in magnitude. 
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In Fig. lc, which applies only to the determination 
Of the phase angle between E and E a , the phase angle 
accuracy ( 7 , in minutes) is obtained by the two-watt- 
meter method; the phase of the excitation I P is shifted 
until the “primary wattmeter” reads 0 , when the 
“secondary watts” W a divided by the volt-amperes 
equals cos 6 or sin 7 ; that is: 


7 is read from a table of sines; the correction for 
the phase angle A (not indicated) of the potentiometer 
resistance in use is applied. A positive 7 (E a lags E) 
is indicated in the figure. 

The fields F of the two practically identical watt¬ 
meters are supplied in series (with I p ) from the secon¬ 
dary of the phase shifting transformer, the primary of 
which is supplied from the main polyphase source. 
The field current If is set at a convenient value as shown 
by the 10-ampere ammeter Am. The moving element 
of the primary wattmeter is supplied by E u , while 
that of the secondary wattmeter is supplied by E s ; 
the series resistors in the two circuits are also practically 
identical. 

Five essential instruments are indicated in Fig. lb 
and c, of which three (detector and wattmeters) are 
high-sensitivity, Type AL- 2 , astatic reflecting dyna¬ 
mometers and two are Type P-3 portable instruments. 
These instruments constitute an effective secondary 
burden of 0.5 volt-ampere; the single 150-volt voltmeter 
Vm is connected only when setting E a and only one 
dynamometer at a time is supplied by Eg. 

Although differing in many respects from its prede¬ 
cessors, the 132-kv. potentiometer incorporates only one 
important additional principle; that of shielding against 
capacitance of the resistance circuit to ground. 

Effect of Capacitance 

All potentiometer resistance used has been of man- 
ganin wire non-inductively wound and immersed in oil. 
Troublesome resistance changes and appreciable in¬ 
ductance were thus eliminated. 

In the first potentiometer (33-kv.), the 0.010-in. man- 
ganin wire was wound on mica cards. The capacitance 
of the card sections to the grounded metal oil tank 
and the “offsetting” capacitance between the sections 
were both small. 

In the second potentiometer ( 66 -kv.), the 0.010-in. 
manganin wire was wound on brass tubes. Owing to 
the comparatively large amount of metal used and to 
the doubled-voltage range, the capacitance of the tube 
sections to the tank was comparatively large. The 
“offsetting” capacitance between the sections was also 
larger than before. The importance of these capaci¬ 
tances (particularly the former) at high voltages is 
indicated by the fact that at 60 cycles the “net” phase 
angle (and correction) at 22 kv. was + 3' (lagging) 
while at 66 kv. it was + 51'. 


In outlining the effects of capacitance, it is conve¬ 
nient, although not exact, to consider the distributed 
“internal” capacitance between resistor sections and the 
distributed “external” capacitance between the resistor 
sections and the grounded tank as independent 
‘lumped” capacitances. 

The “internal” capacitance between resistor sections 
acts as a shunt to the sections and causes the current 
to lead the voltage slightly. In Fig. 2a, the distributed 
capacitance between sections is represented by one 
capacitor C, which is shunted across part of the po¬ 
tentiometer resistance. The effect is indicated in the 



( c ) (d) 

Fig. 2—Effects of Capacitance 

(a) * ‘Internal’ ’ capacitance between sections 

(b) '‘External’ * capacitance to tank (ground) 

(c) Elimination of effect of (b) by means of an auto-transformer 

(d) Schematic arrangement of 44-kv,, Group No. 1 

vector diagram.' The current I in the circuit and the 
voltage drop E D in the fractional resistance lead the 
supply voltage E by the angle A (the fractional resis¬ 
tance is actually separate from the other resistance and 
has a small “net” positive phase angle A' of its own— 
this has been omitted for clearness). The negative 
angle A represents the potentiometer phase angle and 
correction. 

The “external” capacitance between the resistor 
sections and the grounded tank acts as a shunt to the 
grounded end of the potentiometer resistance. In 
Fig. 2b the distributed capacitance to the tank is 
represented by one capacitor C’, which is shunted 
across the grounded half of the potentiometer resistance. 
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The effect is indicated in the vector diagram. The 
current I in the circuit leads the supply voltage E but 
the voltage drop E D lags E by the angle A', which is 
now positive. 

It will be evident that if the potential of the tank is 
raised to that of the mid-point of the potentiometer 
resistance, no current will flow in the capacitor C'. 
In Fig. 2c this is accomplished by means of an auto 
transformer with a middle tap. In the vector diagram, 
I and Ed are now in phase with E. 

This, in general, is the scheme adopted for the 132-kv. 
potentiometer. The schematic arrangement of the 
first 44-kv. group is indicated in Fig. 2d. The tanks 
of the four resistor units are maintained at mid-unit 
potential by means of taps on the auto or shielding 
transformer; the fractional and accessory resistances 
are taken out of and are separate from the first unit. 
The “net” phase angle is leading (— T at 60 cycles) 
at the highest resistance tap (44 kv.) due to the effect 
to the “internal” capacitance; at lower taps this is 
partly offset by the effect of the “external capacitance 
to the.tank(s) which is “inserted” by supplying the 
shielding transformer on a higher than normal tap 
(at 6.6 kv. A = — 1' instead of — 7'). 

All unit tanks in use are maintained at mid-unit 
potential for taps above 44 kv. in the second and third 
groups. The “basic” negative angle (— 7') is offset to 
some extent by the effect of the small direct capacitance 
of the resistance circuit, (principally the external 
connecting leads) to the grounded group area screen 
(A = — 6' at 88 kv. and — 4' at 132 kv.); this capaci¬ 
tance effect can be practically eliminated by additional 
shielding, if desired. 

General Description 

The 132-kv. shielded potentiometer combines 
potentiometer resistance suitable for alternating cur¬ 
rent with shielding transformers and other special 
auxiliary equipment. It is conveniently arranged for 
use, in connection with standard power-supply equip¬ 
ment, in determining the ratio and phase-angle ac¬ 
curacy of potential transformers rated from 6.6 to 
132 kv., 25 to 60 cycles and 25 to 1000 volt-amperes, 
respectively. 

The potentiometer is shown schematically in Fig. 3a 
and b and directly in Figs. 6 and 7. The three 44-kv. 
series operating groups, each consisting of four 100,000- 
ohm resistor units and one shielding transformer, occupy 
about 380 sq. ft. (42 ft. by 9 ft.) of floor space and have a 
maximum height of about 12 ft., 3 ft. of which is due 
to the Herkolite insulating cylinders. The group area 
contains about 900 sq. ft. (52 ft. by 17.5 ft.); part of 
the grounded wire mesh, which acts as an electrostatic 
screen for the groups, is buried under the floor, while 
the remainder forms a fence 20 ft. high on the four sides 
of the area. The supply voltage is brought in from the 
testing area through high voltage bushings. The metal 
and glass operating booth is about 16 ft. square and 8 ft. 


high. It contains the fractional and accessory resis¬ 
tances and all instruments and control equipment. 
Approved safety devices are used wherever necessary. 

Resistors. The potentiometer has a total resistance 
of 1,200,000 ohms and is rated at 0.11 ampere. The 
resistance is divided into three 400,000-ohm operating 
groups, which are subdivided into four 100,000-ohm 
units. From the construction standpoint the 100,000- 
ohm interchangeable units are basic; they are made up 
of ten 10,000-ohm sections, which are in turn made 
up of twelve 833.3-ohm tubes each. The arrange¬ 
ment and ratings are summarized in Table I. A 
“Detailed Description,” which includes the fractional 
(normal value—1000 ohms) and accessory resistances, 
is given under that title. 


TABLE i 

ARRANGEMENT AND RATINGS OF POTENTIOMETER 
RESISTORS 



Ral 

ling 

Number Required 

Item 

Ohms 

Kv. 

Per Step 

Total 

Tube. 

833.3* 

0.092 

12 per Section 

1440 

Section. 

lO.OOOf 

1.1 

10 per Unit 

120 

Unit_____ 

100,000 

11 

4 per Group 

12 

Group. 

3 Groups.... 

400,000 

1.200,000 

44 

132 

3 for 132 kv. 

3 


♦Approximate adjustment—rated at 0.11 ampere (9.09 ohms per volt) 


nominally, 0.125 ampere maximum. 

f Adjustment correct within 0.02 per cent. 

Shielding Transformers. The three interchangeable 
shielding transformers (one for each 44-kv. group) are 
rated as follows: 25 cycles-75 kv-a.-50,000: 500/500 
volts. (The maximum voltage rating for the three 
primary windings in series is 150 kv.) The secondary 
and tertiary windings are considered as equalizing 
windings as their function is to equalize the flux density 
and voltage distribution in the transformers when 
either two or three are operating in series; the con¬ 
nections are indicated in Fig. 3a and b. Each trans¬ 
former has eight primary taps and nine bushings, 
one of which supports the somewhat complicated tap 
switch. The four unit tanks are connected to four 
of the bushings and from them to the proper trans¬ 
former taps by means of the switch and thus maintained 
at predetermined potentials. 

Operation. In operating, the total resistance used 
in each case is obtained by setting the tap switch on the 
100 per cent tap in each of the 100,000-ohm resistor 
units up to the unit in which the final setting is made; 
all or only part of the resistance of this unit may be 
required (ten equal steps are obtainable with the tap 
switch but only the 100 per cent and 50 per cent taps 
are, in general, used above group No. 1); the tap 1 switch 
is set on the zero tap in each of the 100,000-ohm units 
beyond the unit in which the final setting is made. The 
correctness of the setting is then checked by a bridge 
measurement; this procedure is independent of the 
number of units used, since all units are connected in 
series; however, connection is made to the upper end 
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of the “highest” group involved. The connections 
for 600,000 ohms or 66 kv. are indicated in Fig. 3a; 
the connection Z between the resistance and shielding 
transformer circuits is opened for the bridge measure¬ 
ment; the 0.2-ampere ammeter (Am) gives an approxi¬ 
mate indication of the operating current. 

The shielding transformers are excited magnetically 
only when one or more resistor units in their respective 
groups are in use. In group No. 1, transformer T x 


44 and 88 kv. and transformer T» for voltages between 
88 and 132 kv.; the “highest” transformer tap used in 
either group No. 2 or group No. 3 has, in general, the 
same nominal voltage rating as the corresponding tap 
(100 per cent or 50 per cent only) of the “highest” 
resistor unit in use. The correctness of the shielding 
transformer tap setting is checked in all cases by com¬ 
paring the reading of a 600-volt voltmeter (Vm) 
supplied from the secondary of T j with the reading of a 



Resistor 

Units 



Fig. 3—132-Kv. Potentiometer—66-Kv. Connection 
(Schematic) 


(a) General outline 

(b) Shielding transformer r a in Group No. 2 


is excited on tap No. 6 (nominally 33 kv.) for voltages 
between 6.6 and 30.8 kv. to obtain a minimum phLe 

w^ aPS n°- 7 8 ^ for higher voltages up 

to 44 kv. One lead between the tertiary of T x and the 
secondary of T 2 is opened (similarly between T\ and 
i 3 ); the other lead assures electrostatic excitation of 

S°r P rln/rw N °; 3) at i ine voltage ' the tap switch 
of T, (and T t ) is set on the zero tap. Transformer 

Ti is also excited magnetically for voltages between 


150-volt voltmeter supplied from the secondary of the 
potential transformer under test; the proper ratio 
between the two readings is predetermined for each 
marked or nominal potential transformer ratio. The 
connections for 66 kv. are indicated in Fig. 3a and b. 

• T7 6 ^. st ”hution of voltage in the resistor units and 
in the shielding transformers for the 132-kv. connection 
is summarized in Table II. In this case the indicated 
•current m the resistor circuit would be approximately 
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0.11 ampere, while the ratio between the secondary 
voltages of T 1 and of a 132-kv:110-volt (1200:1 ratio) 
potential transformer under test would be approxi¬ 
mately 440:110 or 4:1. 

After obtaining the proper settings as outlined, the 
desired secondary burden is set (by means of dial 
switches) and verified by instrument readings. The 
ratio and phase angle readings are then taken as 
indicated under “Principles of Operation.” 


TABLE II 

DISTRIBUTION OF VOLTAGE AT 132 KV. IN THE THREE 44-1CV, 

GROUPS 


I 

Designation 


Shield! 

ug Transformer 'Pap 

Group 

No. 

Rosis. 

Unit 

Shield 

Trans. 

No. 

Kv. 

Connected to 




0 

0 

Ground 





1 

5.5 

Tank of 1st Unit 

(A,) 


A, 


2 

11 * 

— 





3 

1 0.5 

Tank of 2nd Unit 

(/*!) 

i 

lh 

r, 

4 

22 * 

— 





5 

27. r, 

Tank of 3rd Unit 

(Ci) 


Ci 


0 

33 * 

— 





7 

38. r> 

Tank of 4tli Unit 

<!>,) 


Di 


8 

44 * 

Tap No. 0 of '/\* 





0 

44 

Tap No. 8 of 7’) 





l 

40.5 

Tunic of 5th Unit 

(Aj) 


A, 


2 

55 * 

— 




j 

3 

00.5 

'PanU of oth Unit 

(lh) 

2 

lh 

: Ti 

4 

on * 

— 




r> 

71.5 

Tank of 7tli Unit 

«h) 


Ci 


0 

77 * 

— 





7 

82.5 

Tank of sth Unit 

(lh) 


lh 


H 

88 * 

Tap No. 0 of 7s 





O 

88 

Tap No. 8 of 7's 





I 

03.5 

Tank of 0th Unit 

(A;,) 


A 3 


2 

09 * 

— 





3 

104.5 

Tank of 10th Unit 

dh) 

3 

lh 

T[\ 

4 

no * 

— 





5 

115.5 

Tank of lltli Unit 

((h) 


C.i 


0 

1,21 * 

— 




7 

120.5 

Tank of 12th Unit 

(Dz) 


lh 


8 

132 * 

Lino 


* Voltage at corresponding resistor unit; the resistor and transformer 
circuits are joined at “Ground” and “Lino” only. 


Detailed Description 

The principal items described are: (1) 100,000-ohm 
resistor units, (2) fractional and accessory resistors, 
(3) operating panel and burdens, (4) shielding trans¬ 
formers, and (5) connections; a partial list of auxiliary 
equipment is included under (6). 

1. 100,000-0hm Resistor Units 
Construction details of the units are shown in Figs. 4, 
5, 6, 9, and 10. Each unit is rated 11 kv., 0.11 ampere; 
its principal parts are: (a) 833-ohm resistor tubes, 
(b) 10,000-ohm resistor sections, (c) woodwork, (d) 
tap changing switch, (e) tank, (f) No. 10-C. Transil 
oil, (g) top shields, and (h) Herkolite supporting cyl¬ 
inders. The total of 100,000 ohms is made up of ten 
accurately adjusted (within 0.02 per cent) 10,000-ohm 
sections, each of which is made up of twelve approxi¬ 
mately adjusted 833-ohm resistor tubes. 

a. 838-Ohm Resistor Tubes. Several 833-ohm re¬ 
sistor tubes and one 10,000-ohm resistor section are 
shown in Fig. 4. Each resistor tube is made up of 


perforated sheet brass; it is 12 in. long with an out¬ 
side diameter of 1.25 in. Treated paper is used for 
insulation between the tube and the first layer of 
wire and also between the first and second layers of 
wire. The two layers each have the same number 
of turns of 0.011-in. silk-covered manganin wire; 
the layers are connected in series (through the tube) 
with their respective magnetic fields in opposition 
(the small residual inductance is “offset” by the capaci¬ 
tance between layers and to the tube so that the “net” 
phase angle is very small). Three different black 
insulating compounds are used for impregnation; the 
compounds become oil-proof after suitable baking. 

b. 10,000-Qhm Resistor Sections. Twelve tubes 
are assembled with insulating spacers, binders, and tie 



Fig. 4—Parts and Assembly op a IO.OOO-Oum Resistor 

Section 

(Approximately 30 in. x 8 in): 833-ohm resistor tubes; insulating spacers, 
binders, and tie rods 

rods to make up a section approximately 36 in. by 8 in. 
The top binder, which contains the terminals, is made 
long enough to permit suspending the section between 
two parallel horizontal wooden supports. The section 
contains about the minimum insulating material con¬ 
sistent with proper insulation between tubes, as it is 
important to keep the overall dimensions as small as 
possible in order to minimize “leakage” and capacitance 
to the tank (see Preliminary Work). The arrangement 
of the section and its supports facilitates the dissipa¬ 
tion of heat. The sections are interchangeable. 

c. Woodwork. The treated woodwork is shown in 
Fig. 5. The framework for supporting the ten resistor 
sections is arranged to permit a zigzag assembly of the 
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sections, which gives the maximum insulation and the 
minimum capacitance between adjacent terminals and 
tubes of opposite polarity; the sections can be readily 
removed. 

The framework is supported by the cover, which is 
approximately 5 ft. by 3.5 ft. The cover also supports 
the tap changing switch; the bushing for the switch 



Pig. 5 100,000-Ohm Resistor Unit Untanked 


the cover "grounding bolt," and the angle pieces for 
supporting the cover are welded to the inside top edges 
of the tank. The outside comers and lower edges of the 
tank have a 2-in. radius to prevent corona up to 250 kv. 

The tank contains the No. 10-C Transit oil and acts as 
a radiator of heat and as an electrostatic shield for the 
resistor sections on five sides. The "grounded" copper 
edges of the cover act as a partial shield for the top of 
the sections. 

/. No. 10-C Traits'll Oil. The oil acts as a heat 
storage and transfer medium and as an insulator for 
the resistors; by its use, creepage between the resistor 
tubes or sections is reduced while corona is eliminated. 
There are about 530 gallons of oil in each tank; the oil 
level is just below the tap switch contacts. 

g. Top Shields. The two top shields for each 
resistor unit are shown in Fig. 9; they are approximately 

4.5 ft. and 3 ft. long, respectively, and extend about 

3.5 ft. above the cover; they are made up of 1.75-in. 
diameter steel tubing welded at the joints; there are 
three parallel and two vertical bars; the latter set into 
the holes in the tank lifting lugs and are readily re¬ 
movable. 

The two shields, are located on the most exposed 
sides of each unit in the group and help to shield the top 
of the resistor sections and the terminals (bushings) and 
also the leads connecting the units. The diameter of 
the tubing is sufficient to prevent corona up to about 
160 kv. 

h. Herkolite Supporting Cylinders. The Herkolite 
cylinders are shown in Fig. 10; four cylinders, each 36 in. 


With treated wood bushings cover (5 ft. x 3.5 ft.) and resistor suDDorts- 

^ n i°’ 000 -° hin resist or sections. Welded 

steel tank (5.5 ft. deep) and two top shields (3.5 ft. high) not shown 

and the similar bushing for the “zero" resistance tap 
extend through the. cover. The edges of the cover 
project slightly beyond the sides of the tank; the edges 
are cut to a 1-in. radius and are covered with sheet 
copper which extends back about 6 in. to assist in 
shielding the resistor sections and in preventing corona- 
the remaining surface is protected by a sheet of treated 
pressboard. 

. Changing Switch. The tap changing switch 

is shown m Fig. 5; it consists of an operating handle 
position indicator, shaft and contact arm supported 
by the bushing (and cover); eleven contact points are 
mounted on the lower edge of an insulating cylinder 
which is supported by the cover and slotted to increase 
the creepage distance between the contact points. The 
number of sections in series can be readily changed 
from 0 to 10 by means of the switch. 

e. Tank. The tank is shown in Fig. 10; it is ap¬ 
proximately 5 ft. long, 3.5 ft. wide, and 5.5 ft. deep and 
is made up principally of sheet steel with welded seams. 
Four special internal lifting lugs, each of which has two 
holes to receive the top shields and a tapped hole for 



Fig. 6 — 132-Kv. Shielded Potentiometer: Three 44-Kv. 
Area PS ' Gb0IFP ^ bea and Screen; Operating Booth; Testing 


long with an outside diameter of about 18 in., support 
each unit and insulate it from ground and from ad¬ 
jacent units; the complete unit weighs about 2.8 tons. 
2. Fractional and Accessory Resistors 
A 2600-ohm adjustable resistor is. shown in Fig. 8. 
There are two of these resistors; one is used as the 
950-ohm fixed" resistor, which, together with the 100- 
ohm dial" resistor (not shown), makes up the fractional 
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resistance; the other is used as an accessory resistor to 
make up the difference between the fractional resistance 
and the 2500 ohms (approximate) short-circuited in 
the first 10,000-ohm resistor section of the first unit Aj. 

The general scheme of operation adopted necessitates 
“bringing out” the fractional resistance from unit Ai. 
The approximate value chosen (2500 ohms) makes 
possible a special maximum fractional resistance of 



Pig* 7—Interior of Operating Booth: Operating Panel, 
Instruments, and Burdens; Pier for Reflecting Dyna¬ 
mometers; Field Control Panel 


use appears in the small slot at the right of the hand- 
wheel. All of the dial switches at the left control the 
connections to the secondary burdens. Most of the 
portable instruments in the tray are used in verifying 
the settings of the burdens. 

The burdens obtainable range from “zero” up to 
about 1000 volt-amperes at 110 volts at unity power 
factor and also at about 0.05 power factor lag gin g a t 
both 25 and 60 cycles; this range of values is obtainable 
in one volt-ampere steps. Part of the inductive burdens 
can be seen below the instrument tray; the coils are 
tapped; there are air gaps in the cores, which operate 
at comparatively low flux densities; separate sets of 
coils are used for each frequency. 

It. Skidding Transformers 

The shielding transformers are shown in Figs. 6, 9, and 
10. Each transformer is rated 25 cycles-75 kv-a.- 
50,000:500/500 volts. It is convenient to consider it 
first as a straight auto transformer. 

As indicated in Fig. 3b, the primary winding has 
eight taps; the “zero” tap is permanently connected 
to one bushing and the middle tap (No. 4) is connected 
to another bushing; these single conductor bushings 
are connected to the “joint secondary lead” (ground 
when operating group No. 1 only) and to the trans¬ 
former tank, respectively; the tank is therefore main¬ 
tained at mid-winding potential. The other four 


2000 ohms (instead of the normal 1000 ohms) for use 
in interchecking between potentiometer resistance 
taps and in testing special potential transformers with 
220-volt secondaries. 

Each resistor consists of fifteen resistor tubes with the 
necessary taps; the corresponding terminals are con¬ 
veniently arranged to give resistance values from “zero” 
to 2611 ohms in 0.1-ohm steps. The tubes, which are 
of insulating material, are wound differently from the 
833-ohm tubes. There are two “opposing” windings of 
manganin wire in one layer; the two windings are con¬ 
nected in multiple; this scheme permits tapping the 
joint winding at any point. 

The container consists of an oil-filled glass jar set 
in a box of treated wood; the box is covered with sheet 
brass which is grounded. The purpose in view was to 
provide suitable “heat insulation” so that the heating 
of the 2600-ohm resistors would simulate that of the 
100,000-ohm resistor units. The two 2600-ohm re¬ 
sistors are interchangeable. 

S. Operating Panel and Burdens 

The operating panel is shown at the left in Fig. 7. 
The switches at the right of the panel control the con¬ 
nections to the instruments (the switches on the hori¬ 
zontal panel on the pier are supplementary). The 
current in the potentiometer resistance circuit is read 
on the ammeter at the top. The center handwheel 
is attached to, but insulated from, the contact arm of 
the 100-ohm “dial” resistor (not shown); the ratio 
correction factor (or R. C. F.) for the “dial” step in 



Fig. 8—2600-Ohm Adjustable Resistor and Shielded Con¬ 
tainer (for fractional or accessory resistance) 

similar bushings are connected to four contacts of the 
tap changing switch and to the four resistor unit tanks, 
respectively; the corresponding switch contacts are 
connected to taps Nos. 1, 3, 5, and 7 respectively. 

A larger bushing supports the handwheel and shaft 
of the tap changing switch; this bushing is connected 
to the “joint tertiary lead” (supply line when operating 
group No. 1 only). The switch connects this lead to 
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any of the taps, »uu tu the tanks of all resistor units 
not in use; it also connects the tanks of all units in use 
to the respective “mid-unit” winding taps. 

It is evident that the secondary and tertiary windings 
would not be necessary to assure equal voltage dis¬ 
tribution if group No. 1 only was to be operated, as 
indicated in Fig. 2d; they are essential, however, when 
operating more than one group; they require twin 
conductor bushings and heavy connecting leads (one 
“joint” connecting lead also carries the primary cur¬ 
rent). The three windings are interleaved to obtain 


units are made with 0.375-in. diameter copper tubing; 
this comparatively small diameter is sufficient to 
prevent corona as the leads are fairly well shielded. 
The connection Z in Fig. 3a between the resistor and 
shielding transformer circuits is made with a flexible 
lead; this lead is shown at the extreme left in Fig. 9 
in group No. 2; it is disconnected when group No. 3 is in 
use. 

The connections between the unit tanks and shielding 
transformer bushings are made with 1.25-in. diameter 
copper tubing; this also applies to the connections 



Pig. 9—Upper Part op 44-Kv. Group No. 3: Resistor 
Units; Shielding Transformer; Top Shields; Connections; 
Treated Wood Floor Segments 


minimum leakage reactance; the insulation between 
the windings themselves and between the windings 
and the core is designed to withstand a high-voltage 
test of 101 kv. 

The tank is about 7.8 ft. deep with an outside di- 
amter of 5.3 ft.; the seams are welded; it contains about 
925 gallons of No. 10-C Transil oil. The nine high- 
voltage bushings constitute the only projections from 
the tank; both edges of the tank have a radius of about 
2 in. to prevent corona up to 250 kv. The core and 
windings are supported from the cover; the lifting lugs 

are screwed in only when required. 

The two concentric Herkolite supporting cylinders 
are 36 in. long; the . outer has an outside diameter of 
about 49 in. while that of the inner is about 13 in.; the 
complete transformer weighs about 10 tons. 

5. Connections 


The various connections are shown in Figs. 6 and 9. 
The minimum distance between any live part of the 
three44-kv. groups and the grounded group area screen 
is 3 it., while the minimum distance for any connection 
(or top shield) is 4 ft.; these comparatively wide spac- 
mgs assist m reducing capacitance and in preventing 
corona, both of which are functions of distance: the 
spacing dimensions given do not, however, apply to 
the leads through the screen. 

The connections between the 100,000-ohm resistor 


between the shielding transformer bushings. T his 
diameter is sufficient to prevent corona except at a 
few exposed points in group No. 3, where a diameter 
of 1.75 in. is used (the same as for the top shields). 

The connections between unit Ai and the fractional 
resistance in the operating booth and between the 
secondary winding of shielding transformer T x and 
the 600-volt voltmeter (one lead grounded) are made 
with 0.375-in. diameter copper tubing. 

The connections between the tertiary of one shielding 
transformer and the secondary of the next are made 
with apparatus cable consisting of 1600 strands of 



Pig. 10—Lower Part of Groups: Tanks of Resistor 
Units and Shielding Transformer; Herkolite Insulating 
* and Supporting Cylinders 

No. 24 wire (646,400 dr. mils); to obtain minimum 
reactance the cables are tied together. The cables or 
leads from each transformer are brought to terminals 
mounted on a post insulator supported by the end top 
shield of the group. Connections between busbar 
group. terminals are made with suitable links; the 
connections are shown in Fig. 9; one link is discon¬ 
nected when group No. 3 is not in use. 
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The connections between the group and testing areas 
are made with high-voltage single-conductor bushings; 
1.25-in. diameter flexible leads are used in both areas 
for 44 and 88 kv., respectively, while a 1.75-in. diameter 
lead is used for 132 kv. 

6‘. Auxiliary Equipment 

Part of the auxiliary equipment is shown in Pigs. 6 
and 7; in general, this equipment is referred to in con¬ 
nection with other equipment which is not shown. 

The power supply equipment includes a motor- 
generator set with suitable control panels and four 
single-phase step-up transformers. The set consists 
of a d-c. motor and a three-phase generator rated 
60 cycles, 100 lcv-a., 550 volts. The largest step-up 
transformer is shown in Fig. 6 in the testing area; it 
is rated 50 cycles, 100 kv-a., 220,000:500/1100 volts. 
The load drawn by the complete potentiometer at its 
maximum voltage rating (150 kv.) is about 23 kw. at 
25 cycles and 21.5 kw. at 60 cycles. 

All voltages in the range of the potentiometer are 
dangerous to life. All entrances to the testing and 
group areas are provided with contacts operated by the 
gates. It is impossible to close the supply oil switch, if 
any of the gates are open; conversely, opening any gate 
when voltage is “on” will open the oil switch. The 
contacts are “supplemented” by several red lamps 
which light when voltage is “on;” the shielded lamps 
shown in Pig. 6 at the top of the group area screen are 
to warn the cranemen when voltage is “on.” 

An automatic temperature control system is installed 
in the operating booth. The practically constant 
temperature assures uniform accuracy for resistance 
measurements as the Wheatstone bridge is located in 
the booth. 

Preliminary Work 

An accuracy guarantee of within 0.1 per cent in ratio 
and within 5 minutes in phase angle means that the 
accuracy obtainable with the equipment under actual 
test conditions must be well within those limits in 
order to provide a reasonable “margin of safety” in 
the guarantee to cover slight differences between test 
and operating conditions. This in turn means that 
the sources of error in the equipment must be 
thoroughly investigated and that errors of the order of 
0.01 per cent and 0.5' are important. 

An absolute accuracy better than within about 0.01 
per cent cannot be expected for d-c. resistance values 
obtained by the best methods available; this limit must 
be somewhat increased for direct measurements with a 
high grade Wheatstone bridge. However, a much 
greater degree of comparative accuracy can be obtained 
by measuring the difference between two nearly equal 
resistors or between two nearly equal conditions of the 
same resistor. The latter method, which is also 
applicable to a-c. measurements, was therefore used 
whenever possible in investigating the sources of error. 


The following investigations or tests on the completed 
equipment, preliminary to using it for routine testing, 
are outlined: leakage, heating and capacitance of units; 
characteristics of shielding transformers; effect of 
incorrect tank potentials and of corona and capacitance 
on operation (special conditions); determination of 
phase-angle corrections. 

Leakage. 

The relation between the d-c. resistance of the units 
obtained with a low-voltage bridge and the a-c. effec¬ 
tive resistance at operating voltage was determined 
indirectly by investigating the corresponding char¬ 
acteristics of the insulation resistance between the 
different parts of the units. 

The insulation resistance between the resistor circuit 
and the tank of one 100,000-ohm unit was determined 

(a) with a 1000-volt, 5000-megohm megger and (b) 
by calculation based on the change in the resistance of 
one unit, when part of it was shunted by the insulation 
resistance or leakage circuit the unit was compared 
with a similar unshunted unit at 11 kv., 60 cycles. The 
approximate values obtained are: (a) 5000 megohms, 

(b) 800 megohms; the ratio between (a) and (b) is in 
the order of 9:1 ((a) taken from Table III). 

The results of a separate investigation indicated that 
the excess “leakage” with a-c. does not occur in the 
No. 10-C Transil oil, but is due to the presence of the 
solid insulation in the oil; this is one of the principal 
reasons for using a minimum of solid insulation in the 
oil. 

The difference between the d-c. resistance of the units 
and the a-c. effective resistance, due to the effect of the 
combined leakages through the insulation between the 
different parts, does not exceed 0.01 per cent. 

Heating. 

A 36-hour heat run was made on the complete poten¬ 
tiometer at 150 kv., 60 cycles, principally to determine 
the change in resistance and the temperature rise of the 
100,000-ohm resistor units. 

The maximum resistance change (decrease) in any 
unit was found to be about 0,02 per cent; the average 
change was slightly less. This change does not neces¬ 
sitate a corresponding correction in the (ratio) test 
results, since the result appears as a ratio between 
the total potentiometer resistance and a fraction 
thereof. 

The results of d-c. resistance measurements with 
different connections of the twelve units are given in 
Table III. The maximum difference (1669 ohms) 
obtained between “isolated” and “series” resistance 
measurements is only a fraction of the resistance of one 
section (10,000 ohms), so a “series” measurement 
assures the correctness of any desired tap setting. 
The insulation resistance changed from about 7000 to 
5000 megohms per unit during the heat run. 
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TABLE III 

D-0 RESISTANCE MEASUREMENTS ON 12 UNITS 
IN HEAT RUN 



Ohms ( 


Method 

Before 

After 

Change 

Connections 

Bridge 

Bridge 

Bridge 

Megger 

1,200,198 
1,199,838 
1,199,613 
600 X 10 6 

1,199,968 
1,199,309 
1,198,299 
400 X 10 6 

-230 
-529 
-1214 
-200 X 10 6 

Units isolated—sum of 12 
12 in series—ungrounded 
12 in series—grounded 

12 in multiple to tanks 


The maximum temperature rise in degrees centigrade 
indicated in the different parts of the units is as follows: 
oil at top, 20 deg.; side of tank near top, 15 deg.; side of 
tank near bottom, 7 deg. The maximum rise indi¬ 
cated in any part for the first eight hours was less than 
15 deg. 

The results of a separate investigation indicated a 
maximum rise of 6 deg. above the oil for the 833-ohm 
resistor tubes at the same current (0.125 ampere); 
this temperature rise occurs soon after applying voltage 
but in this case also, no (ratio) correction is necessary. 
Capacitance. 

The capacitance between the parts of the resistor 
units was determined by one or more of the following 
methods: capacitance bridge; calculation from the 
results of a volt-ampere test; calculation based on the 
change in the phase angle of one unit when part of it 
was shunted by the “capacitance circuit” (part of the 
"6 test” under “Leakage"). These methods gave 
similar results; the choice of methods depended on the 
magnitude of the capacitance to be determined and on 
the normal operating voltage. 

The capacitance between the resistor circuit and the 
tank and top shields of each 100,000-ohm unit is about 
250 p pi. This capacitance supplements the capac¬ 
itance between sections in producing the basic negative 
“internal” phase angle A of about 8 min. at 60 
cycles (see Fig. 2). This negative angle would, in 
general, be obtained whenever the unit tanks in the 
first group are at mid-unit potential (as for the 44-kv. 
connection), except for the fact that it is partly offset 
by the positive “external” phase angle A' of about 1 
min. in the fractional resistance; the “net” phase angle 
A under this condition is there about - 7 min. When 
the tank of the first unit is grounded (a special condi¬ 
tion), its “net” phase angle A' becomes about 1 min. 
which is practically the A' of the fractional resistance; 
in other words, the “internal” and “external” phase 
angles of the first unit (about 8 min. each) offset or 
cancel each other when the tank is grounded. 

The capacitance of the three groups to ground is 
about 1400 pi. All or part of this capacitance, depend¬ 
ing on the number of groups in use, constitutes a load 
on the shielding transformers in use and tends to pro¬ 
duce phase displacements between the primary voltages 
and the line voltage. 

The small direct capacitance of the potentiometer 
resistance circuit (principally the external connecting 
leads) to the grounded group-area screen is difficult to 


determine by the methods outlined because of the 
“intervening” tanks and top shields; however, it 
produces a positive shift in the potentiometer “net” 
phase angle A of about 3 min. from 44 kv. (— 7 min.) to 
132 kv. (— 4 min.) at 60 cycles. 

Shielding Transformers. 

Since the three shielding transformers practically 
constitute parts of one auto-transformer, it was impor¬ 
tant to determine whether or not any appreciable dis¬ 
crepancies existed between them. Impedance, core 
loss, and ratio and phase-angle tests were made on each 
transformer and the transformers were checked against 
each other to determine the agreement between taps. 
The agreement between the transformers is very close 
in all respects. Some of the results are given in 
Table IV. 

TABLE IV 


TEST DATA ON SHIELDING TRANSFORMERS 
Rated 25 Oycles-76 Kv-a.-50,000 : 500/500 Volta 


Characteristic 

Average 

Amount 

Cycles 

Volts 

Amps. 

P.F. 

Winding 

Short-cirfcuit im- 







pedance. 

1.37% 

60 

685 

1.50 

0.29 

Prim, to sec. 

Short-circuit im¬ 






pedance. 

1.67% 

60 

7.85 

150 

0.27 

Sec. to tert. 

Ooreless. 

0 .9 lew. 

60 

50,000 

0.048 

0.37 

Primary 

Coreless. 

1.44 lew. 

25 

50,000 

0.116 

0.25 

Primary 


The equivalent load imposed at 132 kv., 60 cycles by 
the capacitance to ground under operating conditions 
is about 2.3 kv-a. This is based on the assumption 
that the load is concentrated in one capacitor at the 
66 kv. tap (the estimated corresponding load at 220 kv. 
is 13.8 kv-a.). 

This load does not appreciably affect the phase angle 
of shielding transformer T 1 ) that is, the phase angle of 
T i is practically the same at 44 kv. with only one 
group in operation as at 132 kv. with all three groups 
in operation, indicating that the three series primary 
voltages are in phase with the line voltage. However, 
calculations indicate that it requires only small phase 
angles between the shielding voltages and the line volt¬ 
age to affect appreciably the potentiometer accuracy. 
Tank Potentials. 

The effect of incorrect tank potentials was deter¬ 
mined by testing a 132-kv. potential transformer at 
132 kv., 60 cycles (a) under normal conditions and (b) 
with the supply connected to tap No. 7 (instead of 
No. 8) on shielding transformer T s . This raised all 
tank potentials, the range being from 5.5 kv. on resistor 
unit D a to 0.24 kv. on resistor A u (It also changed the 
secondary voltage of shielding transformer Ti from 440- 
to 459 volts.) The differences between the results 
obtained under (a) and (b) are: + 0.16 per cent in ratio 
correction factor ((b) > (a)) and + 33' in phase- 
angle ((b) lags (a)); the signs of the differences are in 
accordance with expectations. This special condition 
indicates that the effect of incorrect tank potentials 
is cumulative. 
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Corona. 

The effect of corona and added capacitance (of the 
resistance circuit) to ground was determined by testing 
a lo2-kv. potential transformer at 25 and at 60 cycles 
(a) under normal conditions and (b) with six of the 
eight top shields removed from the units in each group. 
The di llerenees between the results obtained under (a) 
and (b) are: — 0.005 per cent in ratio correction factor 
((b) < (a)) and - 2.8' in phase angle ((b) leads (a)) at 
25 cycles and - 0.024 per cent and - 6.7', respectively, 
at 60 cycles; the signs of the differences are in accor¬ 
dance with expectations. This special condition gives 
an indication of the efficiency of the top shields. 

Phase Angle Correction s. 

Phase angle corrections were determined in the past 
by testing several single and double-ratio (series- 
multiple primary) potential transformers on two or 
more potentiometer taps each, starting at a com¬ 
paratively low voltage tap where the effect of capaci¬ 
tance to ground was inappreciable. (This was supple¬ 
mented by calculating the transformer phase angles 
from impedance and core-loss data.) This procedure 
was also used for the present potentiometer and neces¬ 
sitated the design of a special multi-ratio potential 
transformer rated 25 cycles, 182 kv. 

In order to obtain an independent check on the 
phase angle of the first unit (A,), a “standard of phase 
angle” was made up and (AO was compared with it. 
It consists of a 50,000-ohm cord-wound “working” 
resistor in five shielded sections; the shields are main¬ 
tained at the mid-potentials of the respective sections 
by means of taps from a similar parallel “shielding” 
resistor. The phase angle calculated from the dimen¬ 
sions is of the order of 0.1' at 60 cycles. The resistance 
of the different taps in both resistors can be readily 
determined and the connections to the shields verified, 
thus {assuring sustained accuracy. 

The results obtained by the two methods agreed 
closely. 

Test Results 

Representative ratio and phase angle results obtained 
to date with the new potentiometer are not included as 
it is not the purpose of the paper to discuss the char¬ 
acteristics of potential transformers. 11 will be evident, 
also, that a tabulation of test results, although un¬ 
doubtedly of interest in that connection, is not necessary 
to demonstrate the soundness of the general proposition 
that all potential transformers should be tested for ac¬ 
curacy at full rated voltage; this procedure'is now 
possible up to 150 kv. maximum at from 25 to 60 cycles. 
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Discussion 

W. B. Kou wen ho veil: The development of the 132-kv. 
shielded potentiomotor or voltage divider described by C. T. 
Weller is very interesting. A divider of this range is a real step 
forward. 

It is a well known fact that, when a large resistance is placed 
across a high-potential alternating voltage, the currents flowing 
in the resistor are not in phase with the voltage. In the section 
of the resistor at the high-voltage end, tho capacity currents aro 
the largest and tho voltage drop in that soction loads 1;ho applied 
voltage in phase. In tho grounded section of the resistor tho 
current lags behind the applied voltage. 

In order to bring the current in the resistor into phase with 
tho applied voltage it is necessary to shield the resistance units 
and to apply the proper potential to each shield as pointed out 
hy Mr. Weller. 

Tho characteristics of such a shielded circuit may be studied 
by the use of Maxwell’s telegraph equations. Orjieli was the 
first to do this. 

Jf such a resistor consists of but a single section or unit, then 
tho solution of Urn equations givos tho proper potential of tho 
shield or j ^ of tho applied voltage. This will bring the current 
at the grounded end into phase with the applied voltage. 
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If tho resistance is divided up into a number,of sections, each 
having the value of resistance It, then tho theoretical values 
for the potentials on tho shields as determined from Maxwell's 
equations art! as shown in the accompanying Fig. 1. 

Except in the two end sections the potentials applied to the 
shields aro equal to the voltage at tho midpoint of tho resistance 
unit guarded. Actually no difference in phase between the high 
voltage and the current in tho grounded section can he detected 
if the potential of each shield is brought to the midpoint of the 
resistance it guards. 

Theoretically such a resistance voltage divider should have its 
resistance in the form of a straight wire running centrally through 
its shield. Such a construction is not practical and instead resis¬ 
tance cards arts used in practise. Those are so arranged, however, 
as to reduce the capacity C of tho author’s Fig. 2a to a minimum. 
Tn the construction adopted by Mr. Weller this capacity is fairly 
high. 

A source of error will be present in tho voltage divider if the 
phase angle of tho voltage applied to the shields differs to any 
extent from the drop in the corresponding resistance unit.* Tho 
value of tho voltage applied to the shields may be represented 
by the relation T\ (1 -}- j <fn) for tho first shield and by similar 
relations for the other shield potentials. The permissible value 
of tho angle <ln depends upon the resistance of the unit 72, the 

4. Principally in the General Engineering Laboratory at 
Schenectady and in the Pittsfield Works Laboratory and the 
General Transformer Engineering Department at Pittsfield. 
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capacity between the unit and its shield C f (Pig. 2b of the author’s 
paper) and 2 7T times the frequency. The larger the values of R 
and C' the smaller the angle 4>i for a given percentage of error. 
I should like to know the value of <fn that is present in Mr. 
Weller’s voltage divider. 

In 1912, while a student at the Technische Hochschule at 
Karlsuche, Baden, Germany, I designed and built a voltage 
divider of this type with a maximum range of 28 or 30 kv. I 
did not use wire-wound resistances, but instead I used the so 
called manganin solution. This solution consists of 121.1 grams 
of mannitol, 41.2 grams of boric acid, and 0.06 grams of potassium 
chloride per liter of distilled water. This solution has a constant 
resistance over a temperature range of 5 deg. cent., and it has a 
high specific resistance. I made my resistances by placing it 
in Jena glass tubes each 1 meter in length and of 1.08 mm. inside 
diameter. Such a tube had a resistance of 24,000,000 ohms. 
The shields consisted of pieces of spouting and the capacity be¬ 
tween a shield and its resistance unit was 1.25 X 10“ 12 farads. 
Similar construction was used in the resistor for providing shield 
potentials. The divider was used in checking a number of poten¬ 
tial transformers and proved very satisfactory. It is inexpensive 
to construct. 

A few years ago I constructed a voltage divider for use at 
Johns Hopkins University. In that instrument I used wire 
wound resistance cards. It is in almost daily use in our cable 
investigations. 

Dr. Silsbee at the Bureau of Standards has thoroughly investi¬ 
gated the wire wound resistance divider type and has published 
his results in a Bureau of Standards paper. 

Mr. Weller’s voltage divider has the greatest voltage range 
of any divider that I know of. His construction is novel and I 
think that he is the first man to provide his shield potentials 
from a transformer primary. 

A. R. Hand: A few points in connection with certain proper¬ 
ties of transformer oils, resistance tubes, etc., such as were used 
in the new equipment, may be of sufficient general interest to 
warrant further comments. 


state. Oil which had been in use for some time showed practi¬ 
cally constant resistivity and power factor at a given temperature. 

3. With No. 10 Transil oil where it was possible to check the 
a-c. leakage resistance against the d-c. resistance (measured on a 
1000-volt, 5000-megohm megger) it was found that the a-c. and 
d-c. leakage resistances were practically the same. 

4. Treatment of No. 10 C Transil oil with Fuller’s earth 
resulted in a temporary decrease in dielectric losses, but the 
improvement was short lived and in the course of several weeks 
both the treated and untreated oils showed practically identical 
properties. 

It was concluded that No. 10 Coil, without special treatment, 
was suitable for use in the tanks of the resistor units because it 
embodied both high a-c. resistivity and moderate cost. 

The accurate determination of high a-c. leakage resistances 
(of the order of 500 megohms) and small capacitances (of the 
order of 100 ix n f.) under test conditions simulating actual high- 
voltage conditions, presents some rather interesting problems. 
Direct measurement with instruments such as the Evershed 
megger and capaciometer, or laborious calculations from physical 
dimensions, are often both impracticable and of questionable 
accuracy. It was found that the modified potentiometer sehemo 
shown in Fig. 2 herewith served quite satisfactorily and yielded 
results of a good degree of accuracy. 



When a series of resistance cards or tubes forming a high- 
resistance unit are used submerged in oil, as in an a-c. potenti¬ 
ometer circuit or potential divider, it is essential that an oil of 
high leakage resistance and low power factor be employed to 
keep at a minimum such stray currents as may leak off through 
the oil between the various parts of the resistor unit between 
which a difference of potential exists. As there has been con¬ 
siderable discussion at various times concerning the nature and 
extent of a-c. losses in dielectrics, such as oil, and as there were 
few data available on losses in transformer oils at moderate room 
temperatures and low frequencies, a series of direct measurements 
was made on various samples of oil at ordinary room tempera¬ 
tures and commercial frequencies to secure first hand information 
as to the losses and power factor likely to be encountered. Acapaei- 
torconsisting of two 30-in. metal disks spaced M in. apart and 
provided with a shielding ring to minimize “fringe effects” was 
used. This capacitor had an air capacitance of approximately 
oOO fj, fit, and was used with r. m. s. voltage of 5600 volts be¬ 
tween plates. The currents, voltages, and losses involved were 
measured on astatic reflecting eleetrodynamometers. A par tial 
tabulation of test results is given in Table I. It is estimated 
that the measured losses and power factors are accurate to within 
approximately 20 per cent. 

It was found that 

1. The energy losses and power factors of high-grade oils 
were extremely low when the oil was new and uncontaminated, 
d-e. resistivities of about 60 mega-megohms per cu. cm and 
power factors of about 0.0002 were noted. 

ap ?f eciab ! e in ° rease in losses with exposure of the oil 
to air and ordinary handling was evident. A given oil, however 
appeared ultimately to settle down to a fairly stable eleltricai 


Two similar 11-kv. potentiometer circuits were connected in 
parallel across a power source of the desirod frequency. Suitable 
highly sensitive instruments were arranged to permit tho accurate 
comparison of the relative magnitudes and phaso angles of the 
respective fractional voltage drops E, and E 2 . In practise, two 
11-kv. units and two 1000-ohm fractional resistors worn used to 
form the potentiometer circuits. One of the two 11-kv. 100,000- 
ohm units was provided with a tap lead at the 60,000-olim point. 
The measured change in the voltage drop E, with respect to E x 
produced when a test resistance or capacitance (or combination 
of both) was shunted across the 60,000-ohm tap furnishes a ready 
basis for calculating the constants of the test piece. The change 
m magnitude (“ratio”) of the voltage drop E 2 defined the 
equivalent shunted resistance” of the shunting test piece, while 
the observed change in phase displacement definod its capacitance. 
It can be shown that-the equivalent shunted resistance R„ 

byX°ftmSa W11 “ resistanoe - is represented closely 


R a = 


Ri R 2 


(Ri + R 2 ) (P — 1) 

rat ]° f th ® magnitudes of the fractional voltage 
,f s f ter conneo ting the test piece. It can like- 

ot c ■» 

q = (#* + R 2 ) tan B 
<o Ri R 2 

where 0 is the measured change in phase angle between the volt- 

»■> - >»• 
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Uio above method is directly applicable to the measurement 
of the insulation resistance and capacitance between the resis¬ 
tance circuit of one unit of the potentiometer described by Mr. 
Weller and its containing tank when the unit is used as the test 
piece. It was determined that the a-c. leakage resistance had a 
value ol approximately 800 megohms and the capacit ance a value 
of approximately 250 n ? F. The resistance of the leakages paths 
between various parts of the units art? obtainable in the same 
manner. By combining the several leakage resistances, a fair 
estimate of the net effective leakage resistance shunting the 
metallic resistor circuit can ho made. Calculations show that 
the a-c. effective resistance of the resistor circuit should deviate 
loss than 0.01 per cent from the true d-c. resistance because of 
these effects. 

High-grade rnanganin wire has long boon recognized as a vory 
satisfactory material for accurate “working standards” of 
resistance both because of its low tomperatuixj-rosistance eooJli- 
cient and its permanency of resistance after once being properly 
aged. Tests on representative samples of high-grade 11-mil 
rnanganin wire having a resistivity of 45 microhms per <ui. cm. 
show an average resistance decrease from 25 deg. cent, to 35 
dog. cent, of Jess than 0.01 per cent. Permanency of resistance 
(and calibration ) of the high-resistance potentiometer circuit is 
thus assured for ordinary variations in operating temperatures. 
The choice of a relatively largo working current (0.11 ampere) 
has boon justified in that it has permitted the use of readily 
available materials without sacrificing accuracy; that is, the 
effects of leakage currents in particular have been relatively 
unimportant. 

The employment of cylindrical tubes rather than the usual 
thin flat cards as forms on which to wind the resistance wire 
possesses a distinct advantage in that there* are no sharp bends 
around edges where* the wire may be weakened and easily broken 
in two. ()ne of t in* chief disadvantages in the use* of the old-style 
card-wound resistances for this purpose has been found to be 
repeated outages after several years’ operation, dm*to the break¬ 
ing of the resistance wire at such bonds. 

Jt may bo of interest to point out that a new 44-kv. shielded 
potentiometer similar to the first group of tho 132-kv. potentiom¬ 
eter described by Mr. Weller has boon set up to replace the 
present Ofi-kv. unshielded potentiometer in tho laboratory at 
Schenectady within the past year. 

R* L« Ten hroecki Some interest has boon shown concerning 
the phase-angle calibration of tho*132-kv. shielded potentiometer. 
The circuit used is shown in Fig. 3 herewith. The standard of 
phase angle was connected in parallel with the first unit At of the 
potentiometer, but, in addition to other changes from tin* normal 
il-kv. connection, the tank of At was disconnected from the 
shielding transformer and grounded. Tin* current through the 
working circuit- of tin* standard went directly through the moving 
coil of the secondary dynamometer wattmeter. A resistance a 
ecjiml to the resistance of the potential (moving-coil) circuit was 
put in series with the guard circuit to keep tho shielding correct. 
The errors due to tin* inductance of the moving coil of the 
wattmeter ami to the capacitance to ground of the lead from the 
“standard” to tin* wattmeters were calculated t o be considerably 
less than 0.1 min. and wore disregarded. 

The maximum voltage that could 1 h> applied to the “standard” 
was 750 volts, so that in order to improve the sensitivity of tin? 
potentiometer at that low voltages tin* drop voltage E a point was 
changed to include 2000 ohms instead of 1000 ohms and the 
series resistance for the “primary” dynamometer wattmeter was 
reduced from 25,000 to 5000 ohms. 

A common current was put through the current coils of tho two 
wattmeter dynamometers and the phase* angle between tho cur¬ 
rents in t he potential circuits measured in the same manner as is 
explained under “Principles of Operation” in Mr. Weller’s paper, 
except in this case the voltage E is the total voltage; this gave the 
phase angle* of the primary circuit. 


- The phase auglo of the secondary circuit was next measured 
with the working circuit of the standard in series with moving 
coil of the primary dynamometer and voltage E» applied across 
the secondary leads as in Fig. 4 herewith. 

The spocial correction for the first unit. A x is then found by 
subtracting tho phase angle of tho secondary circuit from that 
of tho primary circuit. This correction applies to the first unit 
with tank at ground potential, the fractional resistance of the 
potentiometer, 2000 ohms, and the series resistance for tho 
primary dynamometer, 5000 ohms. Several potential trans¬ 
formers were tested for phase angle under this condition and then 
retested with the normal Il-kv. connection; that is, with the tank 


11 Kv. Connection 



"Standard of 
Phase Angle" 



excited from the shielding transformer, tho fractional resistance 
1000 ohms, and the series resistance for tho primary dynamometer 
25,(XX) ohms. The average of tho differences between these 
tosts was added to the original “special” correction to obtain the 
correction for the first unit or tho I l-kv. connection under normal 
conditions. 

The corrections for the other voltage connections or taps 
of the potontiometor were found by inlerclioeking with con¬ 
venient potential transformers. An 11-kv. potential transformer 
was tested on the Il-kv. tap A x which had just boon calibrated 
and then on the 22-lcv. tap Bj. The difference between the 
results of these two tests added to the correction for the 11-kv. 
connection gave the correction for 22-kv. potentiometer connee- 
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tion. The other corrections were obtained in a like manner. A 
22-kv. potential transformer was tested on the 22-kv. tap and 
on the 44-kv. tap Di ; a 44-kv. potential transformer was tested 
on the 44-kv., 55-kv. A 2 , 66-kv. B 2 , and 88-kv. D 2 taps; a 66-kv. 
potential transformer was tested on the 66- and 132-kv. D 4 taps; 
and an 110-kv. potential transformer was tested on the 88-kv., 
110-kv., and 132-kv. taps. This gave the correction for the 
132-kv. tap in four or five steps from the first unit. 

G. Thompson: Mr. Weller’s paper on the 132-kv. shielded 
potentiometer represents the logical and perhaps the ultimate 
development of the pioneer work done some 20 years ago by 
Robinson and Craighead at the General Electric Company, by 
Sharp and Crawford at the Electrical Testing Laboratories, and 
by Agnew and Silsbee at the Bureau of Standards. In those 
days, 22 kv. was regarded as “high-voltage” and the dis cussions 
which followed Institute papers on methods of measuring ratio 
and phase angles of instrument transformers were devoted more 
to the relative merits of various kinds of detectors of balance 
than to errors inherent in the testing apparatus. The resistance- 
train potential divider was universally employed for the testing 
of potential transformers because of the comparative ease with 
which it could be constructed and measured. It was felt that 
the purity of the component resistance units did not affect the 
precision of the measurement provided the portion of the resis¬ 
tance train corresponding to the low-tension or secondary voltage 
of the test transformer is constructed in the same way as that 
across the high-tension winding. 


be very effectively shielded from stray fields. It may be built 
for any voltage now commercially contemplated, will occupy 
much less space, requires comparatively little kilovolt-ampere 
capacity in the supply transformer, and probably represents a 
much smaller investment than the corresponding resistance train. 

The Doyle-and-Salter transformer bridge for the measurement 
of the phase defect angle of a cable, described before the In¬ 
stitute in May of 1926, gives the ratio of two condensers in 
terms of the ratio of transformation of the transformer supplying 
the high-voltage. This bridge can be reversed and the ratio of 
transformation determined from the ratio of the two capacitances 



As operating potentials became higher and the resistance 
trains correspondingly longer, the shunting capacitances began 
to assume troublesome values. In Scientific Paper No. 516 
(June 16,1925), Dr. Silsbee of the Bureau of Standards described 
a shielded resistor for use with transformers up to 30 kv. It is 
interesting to note the concern with which he viewed the difficul¬ 
ties of constructing a resistance train for higher voltages. In 
Silsbee’s resistor, the shields for the component units of the 
resistance train were maintained at the different potentials by 
means of an auxiliary resistance train to which the shields were 
connected at intervals. With this arrangement the currents due 
to capacitance of shields to ground flow through the guard¬ 
ing train producing, for high voltages, a non-uniform distribution 
of voltage along the guard train. Mr. Weller has neatly solved 
this problem by substituting tapped transformers for the auxil¬ 
iary tram, the transformers being of such capacity that the 
displacement currents produce no effect on the distribution of 
voltage. 


Those of us who are called upon to test voltage transform! 
looked with considerable apprehension at the size of the a 
paratus described in Dr. Silsbee’s paper. What shall we s 
then to an equipment having the physical dimensions of th 
which Mr. Weller has constructed? And when it is furth 
considered that the General Electric Company has only iust nc 
amved at a point where 132-kv. transformers can be teste 
when 250-kv. transformers are already a very real possibilit 
one wonders whether or not the testing equipment ultimately 
not going to call for more space than the building in which t] 
transformers are manufactured. 

It would seem then that it behooves us to look about to s 
if some other method is available possessing the same accura. 
as the resistanee-train method but involving a smaller expend 

5Tn C ° nSUming less power « occupying less spa 

than the imposing apparatus here described. In the pap, 

nh^rt™i Df ' S u Sbee rightly points out that ratio an 

*f g 5 ha ™ no ph y sical dimensions but represent on] 

£Zi J lifT ? Vector quantities ^hieh can be compare 
y null methods using two impedances in series across the hie] 
tension, terminals of the transformer. These impedances nfa 

Sr-ST- “ duetances - oC’Pacitances, or combinations of tl 
same. The condenser represents an impedance which can t 
"*>> * Parity "Ml to that o,. *££? To! 


Fig. 5 

(see Pig. 5 herewith). Also the method which these two writers 
described for determining the relative phase defect angle of the 
two condensers can be used to determine the relative phase dis¬ 
placement of the primary and secondary voltages of the 
transformer. 

In April, 1927, B. G. Churcher of the Metropolitan Vickers 
Company of Birmingham, described a similar circuit which had 
been used up to 66 kv. in testing potential transformers at the 
factory of that company. Churcher used a mutual inductance 
excited through a non-inductive resistance from the secondary 
winding 0 f the test transformer to measure the relative phase 
displacement. (See Pig. 6 herewith.) The Churcher method 
ot measuring phase angle is somewhat superior to that of the 



Pig. 6 


Doyle-Salter bridge, in that it is possible to adjust the circuit 
conditions so that phase angle may be read directly from the 
graduations of the mutual inductor. Neglecting phase displace¬ 
ments m the two condensers the ratio of the transformer is equal 
simply to Ci/Ci. Neglecting the self-inductance of the primary 
winding of the mutual inductor, the phase angle is given bv 
tan <p = (« M/B) (l + 0,/C,). y 

The refinements which axe necessary to secure results of the 
highest accuracy with the capacitance train method are in no 
way burdensome. The high-tension condenser, Ci should be 
preferably a no-loss air condenser; the “low plate” should have 
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a guard ring which in most cases can be connected directly to 
ground; the troublesome capacitance between the “low lead” and 
ground is thereby avoided. The low-tension condenser C 2 can be 
a good variable mica condenser in which the units of the principal 
dial have been adjusted to the marked values to better than 0.1 
per cent. The phase angles of such a condenser are usually 
smaller than 5 min. If desired, exact balance can be secured 
with the aid of a small variable air condenser connected in 
parallel with the mica condenser. . The self-inductance of the 
primary coil of the mutual inductor can be compensated by 
means of capacitance shunted across a part of the series resistance 
in the usual manner. The simple equations given above are 
then valid. 

Furthermore, it is not necessary that C x should be an air con¬ 
denser provided its phase defect angle at various voltages is 
known. At the Electrical Testing Laboratories we have had good 
results using one of our glass tube “standard dielectric load” 
condensers for Cl The phase angle of these loads is of the 
order of 3 or 4 min. and is constant over a wide range of voltage. 
For precise work the phase defect angles of C 2 can be determined 
and the necessary correction applied. 

The detector in the above circuit has a potential different from 
ground potential by the voltage induced in the secondary coil 
of the mutual inductor. If this is liable to introduce error in 
precision measurements the potential of the guard about the 
“low” lead and the detector may be brought to that of the test 
circuit by means of a second mutual inductor in the manner 
described by Churcher. 

Two difficulties are met in the use of the capacitance-train 
method. If Ci is fixed in value and must be used for a wide 
range of transformer ratios, C 2 may be inconveniently small for 
low-ratio transformers and inconveniently large for high ratios. 
However, the cost of constructing several air condensers to 
cover voltage ranges from, say, 30 kv. upwards, would not be 
prohibitive. The second difficulty is the determination of the 
capacitance of Cl If the condenser is of a suitable geometric 
shape and well shielded its capacitance may be computed. 
We have used our large air condenser with a movable ground 
plate for C\ and then determined the capacitance for the partic¬ 
ular test condition either by the substitution method at low 
voltage using a bridge with resistance arms (Wien Bridge), or by 
calibration using a standardized voltage transformer of a lower 
voltage rating. 

It would'seem, therefore, that the capacitance-train method 
possesses characteristics which ought to make it very useful for 
testing voltage transformers from perhaps 20 kv. and upwards. 
Our experience has led us to set about 25 kv. as the point at 
which we change from the resistance train to the capacitance 
train. However, there may be features which we have over¬ 
looked and I should be very glad to have Mr. Weller tell us his 
opinion of the capacitance train method and the reasons why his 
company felt it desirable to make the investment represented in 
the apparatus described in his paper, 

F. B. Silsbee: The construction of the truly monumental 
piece of apparatus which is described in this paper is a notable 
contribution to the art of precise measurements. It is pleasing 
to see that the attainment of accuracy is valued so highly by the 
electrical industry that a manufacturing corporation is justified 
in investing the large sum of money which this equipment must 
have cost solely for the purpose of maintaining the accuracy of 
its products at the high level demanded by its customers. 

A detailed study of Mr. Weller’s paper shows that the results 
obtained with his equipment are in good accordance with the 
theoretical relations governing the performance of such shielded 
resistors, which were published by the Bureau of Standards some 
time ago. 1 Thus Mr. Weller gives as the capacitance constant 

1. Bur. of Standards Sci. Paper No. 516 “A Shielded Resistor for Vol¬ 
tage Transformer Testing/’ by F. B. Silsbee, Dec. 1925. 


C of one of his units 250 /z ju f. From Equation 45 of 
Scientific Paper 516 one would expect the change in phase 
angle of the first unit when the potential of its tank is changed 

from 5.5 kv. to 0 to be = 7.9 min. Mr. Weller observes a 

change of 8 min. The value of the phase angle when the tank 
is grounded indicates that the constant A is equal to C/32. 
This relation is quite reasonable if much of the distributed 
capacitance between the resistor and the tank is located near the 
ends of the resistor. 

For the experiment in which the supply voltage was connected 
to tap 7 instead of tap 8, the equations would indicate a change 
in phase angle of 30 min. The observed change was 33 min. 
The fact that the effective ratio was also changed by this pro¬ 
cedure, implies that the tank potentials must have been slightly 
out of phase as well as abnormal in magnitude, during this test. 
This effect is only one-sixth as great as the change in the in-phase 
component and is presumably the result of the unequal excita¬ 
tion of the auto transformers. 

It would be interesting if more data were available on the 
regulation of the auto transformer primary circuits since it is 
this property which determines their ability to maintain the 
proper tank potentials in spite of the capacitance currents to 
ground. 

It should be pointed out that the use of transformers to main¬ 
tain the shield potentials has greatly extended the possibilities* 
of the shielded type of resistor since the disturbing effects of 
capacitance are similar to those which would exist in a set-up 
in which the guard circuit had an impedance equal to the leakage 
reactance of the transformer (here perhaps 1400 ohms), while 
the load imposed on the supply circuit corresponds only to that 
of the open-circuit impedance (about 3 X 10 6 ohms). The gain 
in this case therefore may be by a factor of nearly 2000 in impe¬ 
dance and according to the 4th power relation indicated on page 
511 of Scientific Paper No. 516 should permit the construction of 
shielded resistors for voltages nearly 7 times as high as can be 
handled by equipment in which there is no interaction between 
sections of the guard circuit. 

C, W. La Pierre: (communicated after adjournment) 

Fractional Resistors . The chief requirements of the fractional 
resistors are stability in the non-reactive resistance and con¬ 
venience in obtaining taps. Residual inductance introduces 
no phase-angle error in the final result as its effect forms a part 
of the corrections, experimentally determined. 

In winding these single-layer resistances with two wires in 
opposite directions but connected in parallel it is necessary to 
have two crossings per turn. For convenience in manufacture 
these crossings are made at one point instead of at two points 
diametrically opposite. An inevitable rotation of the crossing 
point about the spool occurs as the winding progresses so that 
one winding has effectively 6 or 8 turns per spool more than the 
other. The residual inductance due to these turns is negligible, 
especially since they have a wide spacing. 

The taps are brought out to four sets of binding posts, each set 
arranged similar to a dial switch. A central binding post with 
connecting links to any of the other posts takes the place of the 
rotating member of a dial switch. The panel containing these 
connections is beneath the surface of the oil. 

Shielded Resistor Phase Angle Standard . The five-unit 50,000- 
ohin shielded resistor for use as a standard of phase angle was 
inspired by a study of Dr. Silsbee’s Bureau of Standards Paper 
No.^516 on “A Shielded Resistor for Voltage Transformer Test¬ 
ing. Dr. Silsbee demonstrates in a complete manner the effec¬ 
tiveness as well as the limitations of shielding by means of a 
resistance guard circuit. It is clear from a study of the quanti¬ 
tative relations involved in the shielded phase-angle standard that 
the shielding must be effectively perfect. The residual phase 
angle is due therefore entirely to the constants of each unit. 
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The total capacitance of each resistance unit to its shield is 
approximately 26 m y f. By distributing this capacitance in 
accordance with the dimensions an approximate value for its 
effect may be obtained. The effect so determined at 60 cycles 
is less than 0.1 min. The card wound resistances have an 
inductive effect of less than 0.1 min. at 60 cycles as determined 
by approximate calculation. Since the two offset, the resultant 
comes out to be 0.01 or 0.02 min. Due to possible errors in com¬ 
putation the resultant has little or no value in considering the 
final angle. However, the small magnitude of the individual 
components is important in showing that an unlikely error in 
computation would have to be present in order to result in a 
phase angle larger than from one- to two-tenths of one minute. 



A correction for ratio has been derived for use in tests involving 
comparatively large phase displacements. For ordinary use 
of the equipment the correction is negligible. The true ratio 
may be expressed for practically all cases by 

K m _Rt_ x cos 62 cos (t - e_g - <»/„) 

Ri cos e t cos (6i — 6d — 0 t — 4>f c ) 
where K = the true ratio 

Rt = the total resistance 
Rz = the fractional resistance 


Accuracy of the Equipment. The methods used in comparing 
the various points have been described by Mr. Ten Broeck. The 
magnitude of the errors involved in obtaining the phase angle 
of the first 11-kv. unit are fairly well understood to depend 
largely upon the reference standard. In transferring this result 
to the higher voltages a great deal depends on the precision of the 
results (differentiated from accuracy) or what might be termed 
more descriptively, their consistency. 

Naturally in the course of comparing the various taps a great 
many data were obtained. From these I have arbitrarily chosen 
the results from the minimum number of tests necessary to obtain 
the phase angle of the 132-kv. tap in terms of the shielded resistor. 
The first step consists in comparing the shielded resistor with the 
first 11-kv. unit direct. The second to fifth steps compare the 
11-kv. and 22-kv. taps and so on to 44, 66, and 132 kv. by means 
of potential transformers. Each comparison is made with five 
points at five different voltages. With no attempt at weighting 
the points in accordance with the variations in sensitivity at the 
different voltage, the average deviations from the mean of the 
five points in each step were (1) 0.053 min., (2) 0.043 min., (3) 
0.084 min., (4) 0.043 min., and (5) 0.026 min. Of the 25 points 
four deviations from the mean of over 0.1 min. occurred, the 
maximum being 0.134 min. 


Qt and do = the corresponding phase a ng les 

&d — Resultant angle of the detector potential coil circuit 
and the fractional resistance R a . 

4>fe — The phase angle of the excitation applied to the 
detector field (dynamometer type of instrument) 
y sa! Phase angle of the potential transformer. 

In the exact correction, the last term is much longer. 

Extension to the High Voltages. Referring again to Dr. Silsbee’s 
equations it is evident that such equipment as this paper de¬ 
scribes has also a definite voltage limit beyond which it cannot 
be extended. In the design this limit was set at 220 kv. nominal 
(250 kv. maximum). The tests with the equipment so far 
completed indicate that no particular difficulty will be en¬ 
countered in such an extension. It is quite likely, however, as 
anticipated, that for the most accurate work some flexibility 
will be sacrificed, and it may be necessary to use only the fifth 
group in its entirety. This, however, is not an important item. 

The limiting factor in the extension lies of course in the leakage 
inductance and in the resistance of the shielding transformer 
windings. Establishing definite values for the effective induc¬ 
tance of the windings is complicated chiefly by the three windings 
and to a lesser extent by the comparatively large capacitance 
between windings. 


The values obtained from all of the data available, agreed very 
closely with the values obtained with this single set of data. 
The differences ranged from a maximum of 0.2 min. at the 44- 
kv. tap to a minimum of 0.016 min. at the 132-kv. tap These 
results are for 60 cycles. It should be emphasized, however, 
that the values just given do not represent the accuracy but are 
merely indicative of the precision of the results. 

Corresponding results for ratio are not available for present*- 
tion They are much more difficult to obtain due to the necessity 
of changing the value of the fractional resistance in going from 
tap to tap. The transfer thus depends upon resistance measure¬ 
ments which we have not been able to make to a degree of 
accuracy comparable to the sensitivity of the equipment. By 
an increase in the dynamometer excitation a sensitivity of 0.001 
per cent for ration may be reached without any difficulty. The 
resulting burden on the transformer in test requires 2.5 volt- 
amperes instead of the usual output of 0.5 volt-ampere. 

In connection with resistance measurements formulas have 
been derived for the correction for leakage when measuring a 
arge number of units in series. These formulas are for one 
terminal of the resistance grounded. (The shields of each unit 
are grounded for all resistance measurements.) 


= R 2 / 
Rl \ 


4 W - N \ 

g-I (ohms) 


A R — error in resistance 
where 2 R = the resistance of one unit 

Rl = the leakage resistance between, the resistor 
of one unit and its shield 
^ “ the number of units in series 

or the bridge and measured circuit completely ineni.t.^ 
from ground except of course through the leakages in each unit 


measurements of the capacitance between primary and 
. se ^ndary or tertiary indicated approximately 0.0048 microfarad 
with the tank connected to the midpoint of the primary. The 
measurements between secondary and tertiary windings in- 
dicated a capacitance of approximately 0.004 microfarad. 
(Measurements were made between two windings at a time and 
the effect of the third was not considered.) With the proper 
connections of secondary and tertiary in the final equipment, 
this results in a concentration of excitation current in the central 
portion of the primary or main winding. 

Various impedance measurements were made on each winding 
with one or both of the others short-circuited. Measurements 
were also made on portions of the primary with the remainder 
or total short-circuited. In 15 such measurements under all 
conditions the phase angles ranged from 72.5 to 74.2 deg. with 
the average around 73 deg. The constancy of the phase angle 
indicates that for these short-circuit conditions at least the 
leakage inductance of each winding is a constant. Based on 
these results and the resistance measurements, the impedance of 
the primary at 60 cycles becomes approximately 55 + j 180 ohms 

impedance of the secondary and tertiary each 0.0081 + 

0 0.0265 ohms. 

Such impedance values will result in a slight displacement of 
tbe shield voltages for five groups in series. The ratio error 
will be appreciable but less in magnitude than our present 
guarantee. A small correction will probably be necessary, 
iius error is due to a displacement in the phase of the shield 
potentials. 

For five groups in series it is expected that the phase-angle 
correction may change sign but not be larger in magnitude than 
tnose now occurring. 

C. T. Weller: Professor Kouwenhoven’s question in regard 
to angle <t>i can be answered by stating that it is negligible in 
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group No. 1 because of the small “capacitance load” and this is 
apparently true also for three groups as inferred in the paper 
under “Shielding Transformers;” Mr. LaPierre has calculated 
its approximate “overall” effect for five groups (220 kv.). 

Mr. Thompson has described a “capacitance” potentiometer or 
voltage divider and has asked why we did not adopt capacitance 
in preference to resistance because of its relatively smaller size 
and lower cost. We investigated the possibilities of capacitance 
for this purpose about three years ago and arrived at the following 
conclusions: 

(a) Capacitors of the types and ranges required were not at 
that time in the same class as resistors from the standpoints of 
stability and accuracy. These views were confirmed, in general, 
by Dr. H. L. Curtis ol* the Bureau,of Standards; 

(b) The impodanco of resistance at different frequencies is 
constant while that of capacitance is inversely proportional to 
the frequency. This tends to amplify harmonics which are 
usually objectionable in precision testing equipment; 

(c) Wo loit tlxat wo knew a great deal moro about resistors 
than wo did about capacitors for potentiometer purposes. 

However, it is obviously dosirablo to keep the size and the 
cost of testing equipment at a minimum and it is hoped, therefore, 
that other laboratories will proceed with the necessary develop¬ 
ment work so that “capacitance” or “impedance” potentiometers 
will be available which are comparable with the 132-kv. shielded 
potentiometer in flexibility, stability, and accuracy as well as in 
voltage range. 

Dr. bilsbee has shown that the results obtainod are in gonerai 
agreement with results calculated from the formulas in his 
Scientific Paper No. 510 of the Bureau of Standards. Tn this 
connection it should bo notod that the capacitance and phase 
angle constants given for tlio 132-kv. potontiometer aro approxi¬ 
mate. . He has given a multiplying factor of about 7 for the 
extension possible by means of shielding transformers; this would 
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bring the maximum voltage to approximately 220 kv. He has 
concluded from the difference in ratio results that the shielding 
transformer primary (or shield) voltages were slightly out of 
phase with the line voltage, due apparently to “unequal excita¬ 
tion” of the shielding transformers, in the special test in which the 
supply voltage was connected to tap No. 7 instead of No. 8 on 
shielding transformer T a . It is interesting to note that no similar 
difference in ratio was obtained between any “odd voltage” 
connection of the potentiometer (such as the 310-kv. connection 
for testing a 132-lcv. potential transformer) and the nearest 
“standard voltage” connection (such as tho 132-kv. connection 
for the same transformer), although a similar “unequal excitation” 
of tho shielding transformers exists with all but the 132- and 88- 
kv. connections in groups 2 and 3; however, the unit tanks are at 
mid unit, potentials for all standard voltages in groups 2 and 3. 
It lias boon suggested that tho difference is duo to the fact that 
the voltages across the various resistor units wero out of phase 
with the line (and shield) voltage in the special test. 
w ^ limit lor the extension of the voltage range of tho poten¬ 
tiometer is set from a practical standpoint by tho relation bolweon 
tho resulting potentiometer corrections and tho “certificate 
guaianteos tor tho rosults of ratio and phase angle accuracy 
tosts; it is preferable that tho corrections should not greatly 
exceed tho “guarantees.” 

ihe most important features of potentiometers for deter¬ 
mining tho ratio and phase angle accuracy of potential trans- 
iormors aro stability and flexibility; these insure precision and 
speed in testing. Our various potentiometers have incorporated 
these features. It is dosirablo, of course, to have the corrections 
as small as possible and in this rospoct. tho 132-kv. potentiometer 
represents an advance over its GO-kv. predecessor. It should ho 
noted that, the present range (up to 150 kv. maximum at from 
25 to 00 cycles) takes care of practically all potential trans¬ 
formers now manufactured, including those for 220-lcv. circuits. 



A Precision Regulator for Alternating Voltage 

BY H. M. STOLLER' and J. R. POWER' 

Member, A. I. E. E. Non-member 

Synopsis.—A recently developed precision voltage regulator for This regulation is accomplished by means of a small transformer 
use with alternating current is described. It will maintain its inserted in one of the lines which boosts or bucks the impressed 
output voltage constant to within 0.08 per cent over an input voltage voltage by the required amount . The transformer is controlled by a 
range of 10 per cent and a load range of from zero to full load. vacuum tube circuit acting through an inductance bridge. 


Introductory 

ODERN industrial conditions are making it 
more and more imperative that the voltages used 
for testing purposes he held within precise limits. 
In some cases the requirements have far exceeded the 
regulation obtainable by the commonly used types of 
regulators. 

This paper will describe a vacuum tube type of a-c. 
regulator which will maintain the output voltage within 
O.OS of 1 per cent over the extreme range from maximum 
load minimum input voltage to minimum load maxi¬ 



mum input voltage. This regulator is employed in the 
inspection of telephone equipment and is designed for 
operation on a line whose voltage fluctuates between 
85 and 90 volts, 20 cycles. 

For the great majority of tests, the line voltage 
limits are sufficiently precise, but there are frequent 
cases where a much higher degree of precision is neces¬ 
sary. It is therefore advisable to use a regulator of 
small power rating situated at the test position rather 
than at the power source because of line drop and 
because it would be uneconomical to regulate the entire 
alternator output so precisely. 

Apparatus 

The circuit employs a small transformer whose 
secondary is in series with the line so that any voltage 
induced in it either aids or bucks the line voltage. 
The primary voltage supplied to this transformer is 
derived from a bridge circuit. Referring to Fig. 1 , 
this circuit consists of the two halves of the primary 
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winding of the power transformer T h the fixed retarda¬ 
tion coil Li, the variable retardation coil L 2 , and the 
output transformer T 2 . In the variable arm L 2 of this 
bridge, the inductance is varied by the commonly 
known method of changing the degree of magnetic 
saturation of the reactor by means of a direct current 
in an auxiliary winding. For this purpose a three 
legged core with a winding on each leg is used (Fig. 2). 
The two outer windings consist of an equal number of 
turns and are connected in series so as to aid each other 
in producing flux in the outer legs of the core. As they 
are very carefully balanced no flux is set up in the 
middle leg by these windings. Any flux set up by the 
middle winding divides equally between the two outer 
legs. If, then, a direct current is sent through the 
middle winding it tends to saturate the entire core and 
so reduce the impedance of the outer windings to 
alternating current. In the present instance the ratio 
of turns of the d-c. winding to the a-c. winding is large. 
By this means a direct current of a few milliamperes 
can control the impedance of a reactor capable of hand¬ 
ling several amperes of alternating current. 



Fia. 2 


The important feature of the fixed retardation coil 
(L lt Fig. 1 ) is that it must be so designed that it will not 
saturate over the working range. This condition is 
met by the use of a large air-gap. An auxiliary wind¬ 
ing used for compensation is placed on the same core 
and is connected in the regulating circuit. 

The two element vacuum tube, V 4 , is the primary 
source of control. It is supplied with an excess of plate 
potential (from the rectifier tube V 1 ) so that the space 
current is entirely controlled by filament emission; 
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The filament is made of tungsten 2 and is 0.001 inch 
diameter so as to have small time lag between current 
and temperature. This filament is connected in series 
with a resistance across the voltage output terminals so 
that a change in voltage produces a proportional change 
in filament current. A change of 0.1 per cent in fila¬ 
ment current will cause about a 2 per cent change in the 
space current or, in other words, the tube has an effec¬ 
tive amplification factor for current of about 20. 

The tubes V-> and V 3 are amplifier tubes supplying 



Fig. 3 


rectified current to the d-c. winding of the inductance 

U. 

The plate-voltage supply for these tubes is derived 
from the transformer 2\ which is connected across the 
output circuit of the regulator. Thus the tubes have a 
constant source of potential which is essential to satis¬ 
factory operation of the circuit. 

The assembled apparatus is shown in Fig. 3. 

Principle of Operation 

Referring again to the circuit in Fig. 1, the secondary 
of the transformer T 2 is in series with the line. Its 
primary is connected across the mid-points of the bridge 
formed by the transformer 2\ and the retardation coils 
Li and Z/ 2 . When the impedance drop across L 2 is 
equal to that across L lt the bridge is balanced, and no 
potential is applied to the output transformer and none, 
therefore, is induced in the line. Under this condition 
the output voltage is equal to the input voltage except 
for the impedance drop in the transformer. If the 
impedanee of the variable reactor changes, this balance 
is disturbed and a voltage is induced in the line that 
either bucks or boosts the line voltage. As described 
above, the impedance of this reactor is a function of the 
direct current through it. This current is controlled 
by the vacuum tube circuit. 

If the input voltage should increase, the instantaneous 

2. The tungsten is pure and contains no thorium or other 
materials having thermionic activity. 


effect would be an increase in output voltage. This 
would cause the filament current of the regulator tube 
to increase and, as a result, its space current would 
increase at a much greater rate as shown in Fig. 4. 
The space current flowing through the coupling resis¬ 
tance R g would change the balance of the resistance 
bridge of which the tube and this resistance form one 
side. This change is in such a direction as to bring the 
potential of the junction between the tube and the 
resistance R s nearer to that of the junction between the 
resistances R x and Rg which form the other side of the 
resistance bridge. By this means the negative bias 
on the grids of the amplifier tubes is reduced and their 
output increased. This increased output flowing 
through the winding of the variable reactor decreases its 
impedance which changes the balance of the inductance 
bridge and either reduces the aiding voltage supplied 
to the line by the transformer T 2 or increases the buck¬ 
ing voltage, depending upon previous conditions. 
This change in induced voltage will bring the output 
voltage almost back to its original value. In practise 
the operation of this sequence of events is sufficiently 
rapid to prevent the transient increases in output 
voltage from attaining noticeable proportions except on 
a very sudden and severe change in input voltage. 

This reaction to an increase in input voltage would 
restore the output voltage almost, but not quite, to 
normal except for the action of the compensating 
auxiliary -winding on L x . With the aid of this winding 
the required increase in filament current through tube 
y 4 is secured without raising the output voltage at all. 
This effect is secured by making use of the increased 
voltage across Li due to the changed condition in the 
inductance bridge. 

By using the proper number of turns in the auxiliary 
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Fig. 4 

winding, the voltage may be kept constant or even 
be caused to rise. This feed-back effect does not cause 
hunting because there is a slight time lag in its action 
due to the high inductance of the d-c. winding on the 
variable retardation coil L%. 

In the case of load variation, the action of the regu¬ 
lator circuit is similar to its operation with voltage 
variation, an increase of load causing the same action as 
a decrease in applied line voltage and a decrease of 
load the same action as an increase in applied voltage. 
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There are two pieces of auxiliary apparatus that con¬ 
tribute to the precision of the regulator. They are the 
capacity C\ and the a-c. by-pass circuit composed of the 
capacity C t and the resistance R t . The by-pass circuit 
smooths out the pulsating current through the coupling 
resistance R a - This pulsation is due to the cooling of 
the regulator tube filament between peaks of the alter¬ 
nating current through it. As there are two peaks per 
cycle the pulsation will be at twice the line frequency. 
If these pulses were in phase with the line voltage they 
would be permissible as the resultant pulsation in the 
grid potential of the amplifier would be in phase with 
its plate voltage and an acceptable output could be 
obtained from the amplifier. This phase relation does 
not exist, however, on account of the time lag introduced 
by the heating characteristics of the regulator tube 
filament. If capacity alone is used in the filter an oscil¬ 
lation is set up that causes the output voltage to hunt 
or, with an excess of capacity, the regulator is sluggish 
in its reaction to transients. In order to prevent these 
effects a small capacity is used and a resistance placed 
in series with it. The effect of this resistance is to 
damp the oscillation to such an extent that hunting is 
prevented but without causing a marked decrease in 
the filtering action. 

The capacity C x aids the regulation with respect to 
load. The cause of a change in output voltage with a 
change in load is two fold. The first is a change in the 
impedance drop across the winding of the output trans¬ 
former in series with the line. The other (the more 
important cause) is that the line current in the secon¬ 
dary of this transformer causes a corresponding current 
to flow in the primary. The path of this current is from 
the line through the fixed retardation coil, the primary 
of the output transformer and half of the primary of the 
power transformer to the other line. This current 
changes the balance of the bridge in such a direction 
as to reduce the output voltage. The condenser C x 
is placed across the high-voltage secondary of the power 
transformer. The volt-ampere input to this capacity 
is made large compared to the watts drawn by the 
transformer T x and results in a large leading component 
in its primary current. This adds a steady leading 
component to the line current through the output trans¬ 
former. Any output current of the regulator-adds 
vectorially to this steady current. This vectorial 
addition decreases the importance as viewed from the 
bridge circuit of all load variation on the reg ulat or, 
especially lagging, and unity power factor loads. At 
the low frequencies employed in this case it was not 
considered probable that the leading component of the 
load would exceed 25 per cent of the rated full load of 
the regulator and the operation under these conditions 
was found to be satisfactory. Other important func¬ 
tions of this capacity are that of power factor correction 
for the entire regulator and the by-passing of harmonics 
in the amplifier circuit. 


Performance Characteristics 

The output characteristics of the regulator are 
shown in Fig. 5. The curves show the output voltage 
plotted against the input voltage with the load on the 
regulator as a parameter. These curves are plotted in 
per cent of normal voltage instead of in volts because the 
normal voltage may be adjusted over a range of several 
volts by means of the variable resistance R t . 

The regulator is not critical to frequency over a range 
of about ± 10 per cent of the normal frequency. Also 
the normal frequency can be adjusted over a range of 
about 30 per cent by adjustment of the by-pass circuit 
C* and R t and of the inductance L x . 

The distortion of wave form due to the regulator is 
slight. In the worst condition, that of low input volt¬ 
age, the harmonics introduced are barely noticeable 
when viewed on a cathode ray oscillograph, and were 
estimated to be less than one-fourth of 1 per cent. 

The limits of the regulating range with respect to 
input voltage are due largely to amplifier characteristics. 
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R 100.8 
§ 100.6 
H 100.4 
? 100.2 
5 ioo.o 
° 99.8 
3 93.6 
| 99.4 

Z 99.2 
* 99.0 

68 90 92 94 96 98 100 102 104 106 108 

% NORMAL INPUT VOLTAGE 

Fig. 5 

The upper limit is fixed at the point where the grids of 
these tubes draw current. The lower limit is due to the 
ineffectiveness of a change in grid potential near the 
cut-off value and also to the insensitivity of the variable 
reactor at low values of direct current. 

Fig. 5 shows clearly the effect of a load on the regu¬ 
lator. It will be noted that this effect consists entirely 
of a shift of the regulating range and does not impair 
the regulation within this range. As a result, the maxi¬ 
mum load that the regulator can carry depends upon 
the input voltage. 

It is estimated that the life of the tubes should be 
about 3000 hr. It is necessary to readjust the resistance 
Ri about once in 100 hr. of operation in order to com¬ 
pensate for the gradual reduction in the size of the 
filament of V* due to evaporation of the tungsten. 
The other apparatus in the circuit has a practically 
indefinite life. 

It should be noted that no auxiliary sources of power 
supply are required for the plates or filaments of the 
tubes so that the circuit is well adapted for practical 
shop testing purposes. 

Discussion 

The precision obtainable from a regulator of the type 
described is determined by the following factors: 
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1. The intrinsic precision of the voltage measu ring 
device. (In this case, the emission characteristic of the 
tungsten filament of tube y 4 ). 

2. The amplification between the measuring device 
ana the controlling means. 

3. The use of a suitable compensating means to 
offset the small change in output voltage which would 
otherwise be required to actuate the regulating circuit. 

Asregards the first factor, the tungsten filament gives 
a good intrinsic precision. If operated at a low emission 
it will give a long tube life. 

The second factor is a matter of balancing cost 
against the value of the precision and range attained. 
In the circuit of Fig. 1 only one stage of amplification is 
employed. Another limiting factor in amplification is 
the tendency to hunting of the regulator. This ten¬ 
dency is reduced by reducing the time elements in the 
circuit between the measuring means and the control 
means. In this circuit the time factors are the heating 
lag in the tungsten filament, the time required to change 
the charge on the condenser C 4 across the grid circuit 
of tubes V 2 and V 3 and lastly, the time required to 
change the current in the highly inductive d-c. winding 

The third factor of compensation is essential in 
order to realize the full benefit of the circuit. For 
example, the circuit described would show a precision 
of only 0.70 of 1 per cent without compensation as 
compared with 0.03 of 1 per cent with compensation. 
Ihe means of compensation must be such as to avoid 
impairing stability of the circuit. This is most 
readily accomplished by introducing a small time ele¬ 
ment between the operation of the regulator and its 
compensation. 

It may be concluded therefore that the limiting 
factors in the design of this type of regulator are eco¬ 
nomic rather than physical. By employing more ampli¬ 
fication and suitably reducing the time factors in the 
circuit, it appears that a still higher degree of precision 
or a wider operating range could readily be obtained. 

The circuit could of course be equally well designed 
to operate on 60 cycles or any other frequency of that 
order; in fact, the higher the frequency, the smaller 
and cheaper the apparatus would become. 
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Discussion 

'• A * **’**•* Tie voltage-regulator equipment described by 
Messrs. Stoller and Power is not only applicable for high grade 
laboratory service but may be very useful along many other lir.« s 
or many years the saturated-core transformer principle has 
been used to advantage in connection with various regulators. 
JNot only has the vacuum-tube control been found to be very 
accurate, although rather complicated and expensive, but 
various vibratmg-contact mechanical controls have also been 


found to be very satisfactory when used in combination with 
saturated core transformers. 

I cannot say that I fully agree with the statement made in the 
urst paragraph of their paper regarding the commonly used 
types of regulators. 

A standard vibrating contact regulator will not usually give 
sufficiently accurate results for precision tests and measurements. 
However, with a few refinements such as jewel bearings, special 
windings, and resistors, a very fine degree of regulation may be 
obtained. I recall instances where I have noted regulation 
within 0.1-volt limits; that is, 0.05 volts either side of normal 
and continuing within these limits for days at a time on a 110- 
volt circuit. 

In 1920 two installations were made where great accuracy was 
cleared; one, in connection with nitrogen-fixation developments, 
and the other, for holding constant voltage for pipe insulation 
tests. Bach of the regulators was designed to use buek-and-boost 
elements similar to those described in Messrs. Stoller’s and 
owers paper. The d-c. saturating windings were controlled 
by means of a very accurate magnetic mechanism with vibrating 
contacts. The results obtained came up to our expectations, 
not only from the standpoint of accuracy but also from the 
standpoint of rapid recovery under varying load conditions. 

One of these regulators was designed to regulate a single-phase 
feeder cireuxt having a maximum capacity of 150 amperes at 
110 volts. The voltage variation on the non-regulated in coming 
hne was approximately 10 volts, the frequency varying between 
58 mini mum and 62 maximum. 

A vacuum-tube regulator embodying the saturated-trans- 
former principle for obtaining buck-and-boost regulation was 
built m our laboratory several years ago for meter testing. The 
precision results obtained with it augment the statements made 
m the paper under discussion. 

Research and developmental work has been done, during the 
past few years, using similar principles of control, in connection 
with mercury-pool thyratron regulators and precision speed 

Uneofresearch^ 1 * ^ ^ Pr ° Ved the P° ssibilities along this 

Due to the comparatively high first cost, complicated eon- 
struction, and the fact that vacuum tubes for this service are 
still in a more or less developmental stage, I have found that 
regulators of this general type have a somewhat limited aj> 
plication. r 

J. R. Power: In informal comment on this paper the use of 
a three-element tube as a rectifier has been questioned. This 
was used to reduce the number of types of tubes required. 
Tne rectifier tube is now identical with the amplifiers. There has 
also been comment on the fact that the grid of this tube is tied 
to the filament instead of the plate. This was done because of 
the high voltage across the tube during the reverse half wave 
As it works in a high-impedance circuit the effect of the increased 
tube impedance due to this connection is negligible. 

The regulator as shown in Fig. 3 is rather heavy and bulky. 
This is due to the fact that the frequency is low and is variable. 

It is designed for operation on from 16*/. to 20 cycles. If the 
frequency were increased the coils, of course, would become 
smafier and if the frequency were constant broadly tuned circuits 
could be used in some places to reduce still further the size of the 
apparatus. Another very important factor in the size and cost 
of the regulator is the range of input voltage. A very good 
index to the capacity of this type of regulator would be the 
product of the permissible input voltage variation and the 
maximum current. In this case such a rating would be 10 volts 
X 3 amperes or 30 regulating volt-amperes. 



Bessel Functions for A-G. Problems 

BY HERBERT BRISTOL DWIGHT* 
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Synopsis.—Tables of Bessel functions of zero and higher orders large and for small values of the argument. The series arc complete 
are given, for use in problems of skin effect and proximity effect in with their general terms. 

conductors carrying alternating currents. Formulas for deriving The application of the tables to the calculation of the skin effect 
numerical values of the functions are given, in the form of series for resistance ratio of an isolated tubular conductor is described and an 

• example is given. 


T HE behavior of alternating current in a round 
conductor or in groups of round conductors is 
calculated by means of Bessel functions, except 
for the case of infinitely thin tubes. Such problems 
are usually known as skin effect and proximity effect 
problems. The division of current between conductors 
connected in parallel, or in other words, the circulating 
currents in parallel conductors, the distribution of cur¬ 
rent over the cross section of the conductors, the watts 
loss in each conductor, the resistance drop, and the 
reactance drop, are characteristics which are desired 
to be known and which can be calculated for round 
wires. 

Such problems occur in electrical engineering where 
heavy alternating currents of more than about 1000 
amperes at 60 cycles are involved. When it is remem¬ 
bered that generators for power stations sometimes have 
a rating of 5000 amperes or more, and that electric 
furnaces up to 50,000 amperes capacity are built, it is 
evident that these problems occur in practical engineer¬ 
ing. Small conductors carrying currents at radio 
frequencies require calculations similar to those for 
large conductors carrying 60-cycle current. 

In this paper is presented a collection of available 
values of Bessel functions which are used in the classe s 
of problems described. 

In Table I are given values of ber *, bei x, ber' x, 
bei' x, ker x, kei x, ker' x, and kei' x. These are Bes¬ 
sel functions of the first and second kinds, order zero 
and argument n'V i. 

The values of ber x, bei x, and ber' x and the values 
of bei' x from x = 0.1 to x = 6.4 were published by 
Professor A. G. Webster® in 1912. The corrected values 
of bei' x from x — 6.5 to x = 10 were given in the same 
publication in 1916, and the tables of ker*, kei*, 
ker' *, and kei' * in 1915, by H. G. Savidge. 12 The 
writer has corrected the published value of bei 8.9 
which contained a typographical error. Table I was 
published in A Precise Method of Calculation of Skin 
Effect in Isolated Tubes. 19 

Table II contains values of Bessel functions of the 
first kind and of higher orders than order zero. They 
were published in Proximity Effect in Wires and Thin 
Tubes.™ T hey are used in problems of proximity effect 

‘Professor of Electrical Machinery, Massachusetts Institute 
of Technology, Cambridge, Massachusetts. 

For numbered references see Bibliography. 


of groups of wires or cables. See Bibliography, Nos. 
14,18,21,22, and 24. 

Table III contains values of Bessel functions of the 
second kind and of higher orders than order zero. This 
table has not previously been published. The greater 
part of the values were calculated by W. H. Hastings 23 
as thesis work in Massachusetts Institute of Technology 
in 1927. This table is used in calculating proximity 
effect in tubes. 

It is sometimes required, in problems which arise, to 
have values of Bessel functions not given in the tables. 
The argument of the required function may be inter¬ 
mediate between those of the tables, or it may be out¬ 
side the range of the tables. For such cases, formulas 
for deriving the values are required, and these formulas 
will now be given. It should be remembered that this 
paper deals with Bessel functions of argument * is/i, 
for problems in a-c. distribution. There are, of course, 
many other formulas and tables for other types of 
argument. For some intermediate values of x, the 
tables® of differences may be used. 

For comparatively small values of *, the following 
series can be used: 
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Table I 

Bessel Functions of Ouder Zero 


-h.o 

•HO. 1)00 008 488 
•HO. 1M)» 070 000 
-HO, WOO 878 488 
-HO.900 000 004 
+0.000 028 404 

+0.007 075 114 
+0.000 248 828 
+0.908 001 188 
+0. OHO 751 357 
+0.084 881 781 

+0.077 137 978 
+0.007 020 150 
+0.055 428 747 
+0.040 075 057 
+0.021 072 184 

+0.807 801 130 
+0.800 071 237 
+0.83(1 721 704 
+0.707 524 1U7 
+0.751 734 183 

+0.008 085 001 
+0.037 000 457 
+0.508 048 020 
+0.480 047 772 
+0.300 008 417 

-HO. 300 002 000 
+0.188 700 304 
+0.005 112 108 
—0.071 307 820 
-0.221 380 240 

-0.385 531 455 
-0.504 370 430 
-0.758 407 012 
-0.008 038 005 
-1.103 508 180 

-1.435 305 322 
-1 003 250 084 
-1.007 423 273 
-2.257 500 400 
-2.603 410 557 

-2.884 305 732 
-3.210 470 832 
-3.507 010 803 
-3.028 300 021 
-4.200 080 552 - 

-4.078 350 037 - 

-5.003 885 587 H 
-5.453 070 175 H 
-5.842 042 442 H 
-0.230 082 470 -j 

-0.010 053 357 - 

-0.080 340 403 - 

-7.334 303 435 - 

-7.007 304 351 - 

-7.073 600 451 - 

-8.240 575 002 - 

-8.470 872 252 - 

-8.004 445 203 - 

-8.703 000 753 - 

-8.858 315 000 - 


J +0.002 500 000 
J +0.000 000 072 
? +0 022 400 084 

1 +0 030 008 222 

1 +0.002 493 218 

1 +0.089 970 750 

+0.122 448 930 
+0 150 880 230 
+0.202 209 303 
+0.249 500 040 

+0.301 781 200 
+0.358 704 420 
+0.420 405 000 
+0.480 733 034 
+0.557 500 002 

+0.032 725 077 
+0.712 037 202 
+0.705 201 055 
+0.882 122 341 
+0.072 201.027 

+ 1.005 388 101 
+1.100 000 044 
+1.258 528 075 
+1.357 485 470 
+1.457 182 044 

+ 1.550 877 774 
+ 1.055 742 407 
+ 1.752 850 504 
+ 1.8 47 170 110 
+ 1.037 580 785 

+2.022 830 042 
+2.101 573 888 
+2.172 310 181 
+2.233 445 750 
+2.283 240 007 

+2.310 803 055 
+2.341 207 714 
+2.345 433 001 
+3.330 021 882 
+2.202 000 323 

+2.230 042 780 
+2 .142 107 087 
+2,023 047 000 
+ 1 872 503 700 
+ 1 080 017 204 

+ 1.401 030 830 - 

+ 1.101000 707 - 

4 0.883 050 854 - 

+0.525 140 811 - 

+0.110 031 382 - 

-0.340 003 218 - 

-0.806 830 727 - 

-1.444 200 161 - 

-2.084 510 003 - 

-2.788 080 155 - 

-3.550 740 503 - 

-4.308 570 111 - 

-5.300 844 040 - 

-0.285 446 023 - 

—7.334 740 541 — 


1 -0.000 002 500 

2 -0.000 400 900 

t -0.001 087 488 
i -0.003 990 011 
* -0.007 812 070 

| -0.013 498 481 

-0.021 433 032 
> -0.031 088 023 

t -0.045 530 553 
1 -0.002 445 752 

1 -0.033 081 701 

-0.107 805 042 
-0.130 072 100 
-0.170 028 324 
-0.210 011 017 

-0.254 544 038 
-0.304 838 207 
-0.301 182 125 
-0.423 844 510 
-0.493 007 125 

-0.509 000 755 
-0.052 000 244 
-0.742 018 947 
-0.830 202 721 
-0.043 583 400 

-1.055 131 815 
-1.173 750 173 
-1.290 204 112 
-1.431 -114 130 
-1.509 840 032 

-1.714 104 430 
-1.803 010 954 
-2.017 080 900 
-2.175 405 175 
—2.330 060 130 

-2.498 252 527* 
-2. 000 778 002 
-2.822 103 850 
-2.080 743 427 
-3.134 053 004 

-3.281 821 353 
-3.410 051 224 
-3.640 510 744 
-3.058 705 300 
-3,763 081 320 

-3.828 010 348 
-3 878 230 730 
-3.900 500 2Hi 
-3.801 000 511 
—3.845 330 473 

-3.758 000 043 
-3 020 000 748 
-3.444 627 187 
-3.200 360 380 
-2.007 031 058 

—2.640 059 318 
-2.102 401 107 
-1.685 512 000 
—0.9*4 382 304 - 

-0,203 070 907 - 


—8.840 080 413" 
-8.760 002 474 i 
—8.508 702 503 
-8.270 240 873 
-7,800 800 028 


+0.049 000 974 
+0.009 000 107 
+0.149 903 672 
+0.109 073 334 
+0.249 018 621 

+0.200 797 507 
+0.349 502 345 
+0.390 140 758 
+0.448 402 528 
+0.407 390 511 

+0.545 807 563 
+0.503 523 490 
+0.040 338 102 
+0.080 008 170 
+0.730 250 074 

+0.772 730 922 
+0.813 104 947 
+0.850 920 951 
+0.885 730 950 
+0.917 013 013 

+0.044 181 330 
+0.000 008 014 
+0.083 000 001 
+0.904 42-i 643 
+0.098 208 847 

+0.904 202 044 
+0.081 488 305 
+0.058 005 450 
+0.925 050 305 
+0.880 482 324 

+0.822 207 088 
+0.749 023 001 
+0.002 139 131 
+0.657 089 801 
+0.435 290 178 

+0.203 002 421 
+0.134 080 700 
-0.052 520 021 
-0.250 054 007 
-0.401 137 441 

-0*748 100 800 
-1.031 802 100 
-1,043 251 007 
-1 083 250 047 
-2 052 034 002 

-2.452 012 098 
-2.881700 197 
-3.H42 181 300 
-3.833 085 297 < 

-4.354 140 518 l 

-4.904 010 085 
-5.483 504 000 l 

-0.080 232 022 
-0 719 850 070 l 

-7.372 013 333 ' 

-8 045 304 552 t 

-8.733 575 532 f 

-0.433 251 530 C, 

-10. 130 388 003 13 

-10.840 223 584 fl 


-8.454 405 200 
-0.043 730 280 
-10.900 730 825 
-12.222 803 128 
-13.000 512 001 


$888588 


+0.404 280 242 I 
+ 1 383 622 213 
+2 380 218 300 
+3.480 851 325 
+4.717 882 012 

+0.007 402 487 
+7 544 180 302 
+0.160 073 360 


650 200 —19.043 902 305 +10.800 503 750 
—3.032 930 243 —21.230 402 580 +12.704 522 500 

—2.257 144 280 -22.848 078 507 +14 773 7i>» 17 d 

I?:?S§M2 =a-382fZS ffiZ m-Wmm 


-11.547 178 008 
-12.234 815 078 
-12.900 778 002 
-13.635 750 050 
-14.129 423 

-14 .070 413 
-15.140 200 
-15.543 400 
-15.847 100 
-10.041 480 


Hill - : pss pin $ss 

tt*«M : 8 . 18 m * &: S!Sjfe pgf 

ttt&ra :» g tM ig-gl&g -g-fg» 

t}» 008 on 711 -38.001 630 070 +3”:.w] 170 300 -li m?™ 
ion’ Arr If? 833 988 +35.314 428 330 — 0.080 023 

+20.973 ,J.»5 Oil -jj.Olfl 725 105 +38.311 325 701 —7*000 318 


o'n XAA’JSSS Aft A?” 2 33 +35.314 428 330 

8,0 +*.0.073 .955 011 -35.010 725 105 +38.311 326 701 

§' l f M • 232 880 800 “36 • 687 080 614 +41.352 754 078 
8*^ +20.245 214 700 —30,001 110 081 +44 415 310 20ft 

ti!u S2S ^55 432 —30.150 400 010 +47.472 094 831 
8 • £ +38.738 422 001 —35.010 820 830 +50.492 410 438 

8.6 +43 935 872 761 -35.207 700 300 +53.441 018 430 

2 * 2 t‘12 °^ 4 077 • 246 700 040 +50.280 822 400 

8.7 +65.180 032 009 —32.714 319 308 +58 900 717 374 

8 8 +«.*» 725 224 -30.661 387 870 +01:461 364 510 

o n t 7 ? ’ no? 5JS “o? ' 5 fl7 538 +«3.081 960 576 
0.0 +73.035 720 857 -24.712 783 168 +05.000 770 909 


+73.035 720 857 


+80.570 411 145 —20.723 509 533 4-67 144 880 407 
+87.340 052 674 —16.970 4)4 197 +68 248 178 293 
. +04.208 443 358 -10.411 001 017 +68 831 185 381 
+101.090 350 718 -aloot) 285 824 +68*821 113 743 
| +107.950 031 881 +3.410 573 282 +08.131 840 035 


tUf Ml IP +11.786 984 180 +00.673 080 017 
iloi'?aS 99? + 21 * 217 631 810 I +04.35*3 071 280 

11S-S5 2& 5 U t?H62 522 522 +?I 000 ??? os? 


9.8 +127.535 651 621 +31 >67 530 890 

in'S iJ2o*939 4 j$ 262 +43.459 152 933 
*0^0 J +138.840 405 942 +60.370 458 554 


-0.080 028 
-7.000 318 

-5.285 490 
-2.,529 555 
+0.634 008 
+4.231 841 
+8.289 619 

+ 12.832 110 
+17.888 387 
+23.465 444 
+20.598 302 
+30.200 384 

+43.582 976 
+51.450 034 
+50.035 547 
+00.011 850 
+78.083 888 

' +88.940 434 
+90.762 855 
+111.124 240 
+122.988 479 


195 258 304 I +135.300 302 


0 + CD 

0.1 +2.420 474 0 

0.2 +1.733 142 7 

0.3 +1.337 218 0 

0.4 +1.062 623 0 

).5 +0.855 005 9 

).6 +0.693 120 7 

>.7 +0.561 378 3 

J.8 +0.452 882 1 

>.0 +0.362 514 8 

.0 +0 280 706 2 

.1 +0.222 844 6 

. 2 +0 168 045 0 

.3 +0.123 455 4 

.4 +0.085 126 0 

.5 +0.052 034 9 

0 +0 020 020 9 

7 +0.00 1 601 1 

8 -0.014 006 1 

.0 -0.029 601 4 

.0 -0.041 004 5 

. 1 -0.051 106 5 

.2 -0.058 338 H 

.3 -0.663 070 5 

4 -0.007 373 5 

.5 -0.069 688 0 

6 -0.070 825 7 

7 -0.070 973 6 

8 -0.070 206 3 

0 -0.068 030 0 

0 -0 067 020 2 

1 -0.064 678 0 

2 —O 061 084 8 

3 -0 059 032 0 

4 -0.055 896 0 

5 -0.052 630 3 

6 -0 040 315 6 

7 -0.045 071 7 

8 -0 042 040 0 

0 -0 030 373 01 

0 -0.036 178 85 

1 -0 033 084 40 

2 -0 030 107 AM 

3 -0 027 261 77 

4 -0 024 55(1 HO 

5 -0 021 000 K8 

1 -0.010 505 03 

7 -0.017 344 41 

i -0.015248 10 

> -0.013 304 00 

) -0 01151173 

I -0.000 864 74 
i -0 008 350 11 
t -0.006 080 2H 
\ -0.005 749 13 

► -0.004 032 16 

1 -0 003 031 50 

’ -0.002 740 38 

-0.001 951 58 
1 -0«H 258 12 

-0.000 653 04 

-0 000 129 53 
+0.000 319 05 
+0.000 099 12 
+0,001 016 83 
+0.001 278 OHO 

HO 001 488 440 
+0 001 653 215 
+0 001 777 354 
+0 001 865 512 
+0 001 922 022 

+ 0.001 950 901 
+0.001 955 801 
+0.001 940 312 
+0.001 007 373 
+0.001 850 888 

J O . 001 800 431 
0.001 731 320 
0.001 654 054 
+0.001 572 275 
+0.001 485 834 

+0 001 306 782 
+0 001 300 386 • 

+0.001215 743 • 

+0.001 125 797 
+0 001 037 349 

+0.000 051 070 - 

+0.000 867 All - 
+0.000 787 120 • 

+0.000 710 249 - 

+0.000 637 104 - 

+0.000 508 055 - 

+0.000 503 040 - 

+6.000 442 203 - 

+0.000 385 640 - 

+0.000 333 020 - 

+0.000 284 004 - 

+0.000 240 1(38 - 

+0.Q00 100 598 - 

+0,000 102 761 - 

+0.000 129 406 - 


-0.785 308 2 
-0.770 850 0 
-0.758 124 9 
-0.733 101 9 
-0.703 800 2 
-0.071581 7 

-0.637 449 5 
-0.002 175 5 
-0.506 367 6 
-0.530 All 1 
-0.494 904 6 

-0.460 129 5 
-0.420 103 6 
-0.393 291 H 
-0.361 604 8 
-0.331 395 0 

-0 302 505 5 
-0 275 2iJ8 8 
-0.240 lT7 1 
-0 225 142 2 
-0 202 400 1 

-0. 181 172 6 
-O 161 430 7 
-0. 143 135 7 
-0.126 241 5 
-0.110 606 1 

-0 096 442 0 
-0.083 121 0 
-0.071 570 7 
-0.060 825 5 
-0.051 1210 

-0.012 305 5 
-0 031 582 3 
-0 027 610 7 
-0.021 11(S 3 
-0 016 002 6 

-0.011 231 1 
-0 607 076 7 
-0.603 4HO 7 
-0.000 410 HI 
+0.002 108 40 

+0.004 385 82 
+0.006 193 61 
+0 007 661 27 
10,008 825 62 
+0.000 720 02 

+0.010 378 86 
+0.010 828 72 
+0 011 007 40 
+0.013 200 53 

+0.011 187 50 

+0 011 052 01 
+0.010 821 28 
+0.010 512 06 
-HO 010 139 29 
+0 000 710 31 

HO 009 254 06 
+0 608 705 72 
+0.008 257 74 
HO 007 730 02 
+0 007 210 40 

+0.006 606 00 
+0 006 182 75 
+0.006 680 77 
+0 005 103 58 
4 0.004 723 002 

+0.004 271 210 
+0.003 84f> 047 
+0.003 440 308 
+0.003 058 385 
+0 002 700 305 

+0.002 300 480 
+0.002 050 020 
+0.001 770 454 
+0.001 607 420 
+0.001 200 808 

+Q.00J 047 950 
+0.000 840 700 
I +0.000 071 373 
+0.000 611 004 
+0.000 300 584 

+0.000 244 032 
+0,000 133 002 
+0.000 038 090 
-0.000 044 401 
-0.000 114 002 

-0.000 174 175 
-0.000 223 300 
-0.000 263 248 
-0.000 204 010 
-0.000 319 153 

-0.000 336 788 
-0.000 348 670 - 

-0.000 355 230 - 

-0.000 357 420 - 

-0.000 365 743 - 

-0.000 350 768 - 

-0.000 343 010 - 

-0.000 332 940 - 

-0.000 320 983 - 

-0 000 307 624 - 


-0.960 059 3 
-4.922 948 5 
-3.210 805 2 
-2.352 060 0 
-1.810 799 8 

-1 450 538 6 
-1.100 043 3 
-O 087 335 1 
-0.825 868 7 
-0.094 003 9 

-0.585 005 3 
-0.404 043 2 
-0.417 227 4 
-0 351 055 l 
-0.294 181 0 

-0.245 114. 7 
-0 202 081 8 
-0. 105 012 4 
-0.134 128 2 
-0.100 001 0 

-0.082 823 4 
-0.002 337 3 
-0.044 717 0 
-0 020 712 3 
-0.016 920 8 

—0.000 136 8 
+0.002 004 3 
+0.010 300 0 
+0.010 534 2 
+0.021 470 2 

+0.026 373 8 
+0.028 300 3 
+0.030 565 4 
+0.032 000 2 
+0.032 088 6 

+0.033 408 7 
+0.033 403 0 
+0.033 040 0 
+0.032 380 40 
+0.031 478 49 1 

+0 030 381 79 
10 020 132 42 
HO 027 707 30 
+0.020 318 68 
+0 021 Ht4 54 

+0.023 270 08 
f0.021 733 00 
+0 020 103 91 
+0.018 670 01 
+0 017 103 40 

+0.015 754 30 
+0.014 367 57 
4 0.013 030 35 
+0.011 774 40 
+ 0 010 670 33 

4 0.009 447 17 
+0 008 388 18 
+0.007 300 67 
+0 006 481 21 
+0 -005 031 71 

+0.004 849 67 
+0.004 132 75 
+0.003 478 80 
+0.002 886 23 
+0.002 348 995 

+0.001 867 130 
+0.001 430 521 
+0.001 053 099 
+0 000 710 382 
+0.000 420 610 

+0.000 103 207 
—0.000 058 386 
-0.000 247 403 
-0.000 400 028 
-0.000 638 787 

-0.000 04C 478 
-0,000 732 106 
-0.000 798 170 
-0 000 840 077 
-0 OOO 879 724 

-0.000 899 210 
-0.0(H) 900 89) 
-0.000 904 388 
-0.000 893 100 
-0.000 874 050 

-0.000 850 022 
-0.000 820 407 
-0.000 780 810 
-0.000 750 159 
-0.000 711 231 

-0.000 070 745 - 

-0.000 029 320 - 

-0.000 587 517 - 

-0.000 545 789 - 

-0.000 504 544 4 


t +0.115 074 8 

> +0.222 920 8 

! +0.274 292 1 

1 +0.309 514 0 

+0.333 203 8 

+0.318 104 1 
+0.350 309 5 
+0.359 042 5 
+0 357 443 2 
+0.352 360 0 

+0.341 521 0 
+0.334 473 9 
+0.322 711 8 
+0.309 041 0 
+0.295 008 1 

+0.280 903 8 
+0.205 777 2 
+0.250 438 5 
+0.235 005 7 
+0.219 807 9 

+0.204 789 7 
+0. 100 113 7 
+0. J75 80H 8 
+0.102 100 0 
+0,148 805 4 

+0.130 208 9 
+0.124 255 8 
+0.112 874 8 
+0.102 130 2 
+0.092 043 1 

+0.082 592 2 
+0 073 775 2 
+0,005 579 4 
+0.057 988 l 
+0.050 982 1 

+0.041 530 4 
HO. 038 030 4 
+0.033 218 0 
+0 028 348 32 
+0 023 910 02 

•1-0.019 008 04 
+0.010 313 67 
+0.013 100 84 
+0 010 213 31 
HO 007 715 43 . 

+0.005 402 26 
+0.003 549 70 
+0.001 804 78 
+0.000 415 22 
—0.000 810 08 

-0 001 8(H) 70 
-0 002 721) 05 
-0.003 433 49 
-0.003 909 09 
-0 ,004 440 10 

-0.004 700 28 
-0 005 000 41 
-0 006 145 84 
-0.005 210 89 
-0.005 223 02 

-0.005 170 37 
-0 005 082 83 
-0,004 061 05 
-0.004 788 03 
-0.00 1 600 032 

—0.004 392 032 
-0 004 170 782 
-0 003 938 840 
-0.003 700 0« l 
-0.003 459 500 

-0*003 218 286 
-0.002 070 421 ‘ 

-0.002 714 078 1 

-O 002 610 071 
-0 (102 296 004 ' 

-0 002 083 800 : 

-0 001 881 234 ; 
-0 001 088 855 * 
-0 001 507 120 ; 

-0 001 330 318 ' ( 

-0.001 170 607 fl 
-0.001027 888 H 
-0 000 80(1 168 fj 
-0.000 703 209 {j 
-0.000 646 733 9 

-0.000 640 308 8 

-0.000 443 813 8 

-0 000 366 543 8 

-0 000 278 127 8 

-0.000 208 079 0 

-0,000 145 903 9 

-0.000 091 093 0 

-0.000 043 145 9 

-0 000 001 650 9, 
+0 000 034 158 9 


-0.000 404 122 
-0.000 424 806 
-0.000 386 830 
-0.000 350 379 
-0.000 315 507 


+0.000 004 485 0.6 

+0.000 080 887 0.7 

+0.000 110 811 9.8 
+0.000 127 684 9.0 

+0.000 140 914 10.0 
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DWIGHT: BESSEL FUNCTIONS FOR A-C. PROBLEMS 


Transactions A. I. E. E. 


( 2 s- 1 ) (-g -*) 4 * -8 
+ 1)8 1 ( 2 s- 1 ) !( 2 s- 1 )! + • • • 


+ 


ker x = (0.1159315 — log. x ) ber x 

( 1 + | + 4 +T)%iF—' • ' 

+(-l).(l+|+i . . . + £) | + 

kei x — (0.1159315 — log, x) bei x -ber x 


+ 


+ 


( t t 1 i i \ (a 1 ) 
\ A+ 2 + 8 + 4^5/ (5 !) 2 

+ (- l)- 1 ( 1 + + J + • • • 


(4) 


, * u •, /, , 1 \ (2 *) 

+ 4 bei x ( 1 + 2 ) 211! 

|(l|‘| 1 | 1 ) (n 

+ V i+ 2 + 3 + 4/ 413! 

n 

+(-D*(l+l+i-+. . • +Tf)(2s)!(2s-1)! +• • • 


(7) 


kei' x = (0.1159315 — log* x ) bei' x -bei x 

x 


- 4 b er'* + -(ri)r 


(111 1 1 \ (2 *) 

V + 2 + 3 / 3 ! 2 ! 


/i v 


/I \ s 


{?*) , 

( 1 + I + t) 

U*) 

+ ( 

(1 !) 2 1 

(3 !) 2 



+ (-i)-*(i + i + | + ... 


v 4*-3 


I 1 ) 0 *) , (8) 

+ 2 s-l/( 2 s-l)!( 2 s- 2 ) ! + * • 4 w 


+ 



2 s- 1 / ( 2 s — 1 ) ! ( 2 s — 1 ) ! 


+ . . . 


ker' x = (0.1159315 — log, x) ber' x -— ber x 

X 


See Reference 10, p. 210. 

The constant 0.1159315 is equal to log, 2— 7 , 
where 7 is Euler’s constant, 0.5772157. See Reference 
15, pp. 23 and 254. 

For higher orders, where n is a positive integer, 
ber» x + i bei„ x = J n (x i V i) = u„ + i v n (9) 


table n 

BESSEL FUNCTIONS OF THE FIRST KIND. OF ORDERS HIGHER THAN ZERO 
ber« * +i bei« x m Jn (* i V 0 ■" i* In (* V 0. 
d 

ber n'x - -j^-ber**. 


X 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

X 

ben x 

—0.395 868 

-0.997 078 

-1.732 64 

-1.869 25 

+0.359 78 

+ 7.462 20 

+20.368 9 

+32.506 

9 

+20.719 2 

- 59.478 

ben * 

beii x 

+0.307 557 

+0.299 775 


-2.563 82 

-5.797 91 

- 7.876 67 

- 2.317 2 

+21.673 

5 

+72.054 3 

+131.879 

beii * 

ben'* 

-0.476 664 

-0.720 532 


+0.658 74 

+4.251 33 

+10.206 52 

+14.677 5 

+ 5.866 

4 

-37.108 0 

-132.087 

- . 0 

ben'* 

beii' x 

+0.212 036 

-0.305 845 

-1.364 13 

-2.792 83 

-3.327 80 

+ 0.235 45 

+12,780 7 

+36.882 

2 

+61.749 0 

+ 45.127 

beii'* 

ben * 

+0.010 411 

+0.165 279 

+0.808 37 

+2.317 85 

+4.488 43 

+ 5.242 91 


£ 

00 

00 

S3 

1 

0 

-65.869 2 

-111.779 

berg * 

beta x 

-0.124 675 

-0.479 225 

-0.891 02 


+1.422 10 

+ 7.432 44 

+17.592 4 

+25.438 

9 

+10.134 8 

- 66.610 

beis* 

berg' x 

+0.041 623 

+0.327 788 

+1.030 93 

+1.975 73 


- 1.454 56 

-12.493 0 

-32,589 

1 

-50.963 2 

- 28.840 

bars' * 

beis' x 

-0.248 047 

-0.437 789 

-0.286 47 

+0.853 82 

+3.785 30 

+ 8.368 74 

+11.015 1 

+ 1.300 

6 

-38.551 6 

-121.987 

bets' * 

berg* 

+0.013 788 

+0.085 612 

+0.130 44 

-0.282 63 

-2.094 35 

- 6.430 04 

-12.876 5 

-15.420 

4 

+ 3.166 6 

+ 72.253 

berg * 

beig x 

+0.016 629 

+0.144 210 

+0.565 38 

+1;437 76 

+2.454 41 

+ 1.901 46 


-22.575 

0 

-54.538 7 

- 81.423 

beig * 

berg' x 

+0.039 433 

+0.093 575 



-2.922 76 

- 5.747 81 

- 6.249 2 

+ 3.979 

6 

+38.354 6 

+104.463 

berg' * 

beis'* 

+0.048 634 

+0.239 418 

+0.636 27 

+1.073 55 

+0.695 57 

- 2.498 96 

-11.222 9 

-25.707 

4 

-35.563 4 

- 7.513 

beig' * 

beri* 

-0.002 60 

-0.040 97 

-0.193 27 

-0.493 10 

-0.628 67 

+ 0.648 3 

+ 6.083 5 

+19.094 

7 

+38.667 

+ 46.579 

berg * 

beig * 

-0.000 13 

EjAJIjljMjlJl 


-0.499 85 

-1.727 62 


- 7.116 9 

- 5.288 

8 

+14.082 

+ 70.500 

beig * 

ber*' * 

-0.010 40 


-0.234 32 

-0.323 71 

+0.248 34 


+ 8.745 2 

+17.319 

5 

+19.140 

- 12.148 

berg' * 

beis' * 

-0.000 78 

-0.024 83 

-0.183 52 

-0.716 65 

-1.834 36 

- 3.071 1 

- 1.921 9 

+ 7.703 

5 

+34.545 

+ 80.465 

beig'* 

berg * 

+0.000 19 


+0.058 59 


+0.851 04 

+ 1.830 5 

+ 2.209 0 

- 1.821 

3 

-18.619 

- 58.722 

berg* 

beig* 

-0.000 18 


-0.025 54 

-0.033 53 

+0.211 43 

+ 1.475 6 

+ 5.242 3 

+12.812 

8 

+21.384 

+ 15.193 

beii * 

bars'* 

+0.000 97 



171 

+0.815 11 


- 0.847 2 

- 8.623 

9 

-26.955 

- 53.427 

berg' * . 

bets'* 

-0.000 87 

-0.011 00 

-0.028 321 

[jjSSEi 

+0.565 64 


+ 5.589 6 

+ 9.233 

7 

+ 5.504 

- 24.511 

beig' * 
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Transactions A. I. E. E; 


(Refer. 14, p. 622). 


her ( ~ 1)n+J> 

* iP ! (toj+ p) 


(-!)"+> /I 


r(i-) 


(^ + 2 y) 7r 


bei Z 1 ,y 

" ^ P.!_(»,+ f>) ! \2 7 


t*.:. 

j>=o p ! (to + p) ! 


(to + 2 p) to 


4 2 .P*. »+ 2 ,*> - 

P-0 ' ' 

“ r 2 ( 1 + |+i+- • + 7 + 1 + i- + -|+- • • 


_1_\ (- !)»+» 

+ p / p ! (to + p) 


r(W 


(?& Hh 2 p) 7r 


(hr 


See Reference 8, paragraph 3. 

ker»' x = (0.1159315—log, *) ber„' g—^ er » 8 +-£ bei n ' * 

x 4 


(TO + 2 p) 7T 


bd.-* - 2 

*-o P ! (to + p)! 


+12 


(- l)"+p (2 p — to) (to — p — 1) ! 
P ! 


+ T 2 ( 1+ T+T+ • • • +|- +1 +^+T+- • • 

P=»0 


(TO + 2 p) TO 


(M 


sin-ftL -f-jP)*- 

4 


ker„ a: + i kei„ x = i~ n K n (x V i) 


HJ 1 ') (x i V i) 


■[«/»(* iy/i) + i 7„ (a; Wi)] 


1 \ (—l) n+3> (TO+2p) / 1 \ 

to + p / p!(to + p)! \ 2 * / 


n+ 2p—1 


(to 4 - 2 p) x 


- -|i- (her ,x + i hei, a:) (14) M -'*-«>-1159815-lo«.*)bei.'*-^ai£-f her/ * 


ker„ x =-- hei„a: 


n-j. 

+f2 


(- l)»+y (2p- n) (TO- p- 1) I 
P ! 


= (O.li.59315 - log, x) ber„ x + bei» x 

PSB0 

+i2( 1 +r+4+- • +)+i+I4+. .. 


(i.)~*JiL±*fl- 

t 2 ( 1 + 2 +i+ • • • + ^ +1+ |' + '! + • * • 

P=o 

— 1 . \ (~ 1 ) n+P (TO+2p) / 1 „ \” +2P_ J.„ (TO + 2 P) TO 
to + p / p ! (to + p) ! \ 2 * / sm 4 


sin _(to+ 2 p) to 
4 


» + P / P l (n + p) 


»+2p-l , __ . 

sin (TO + 2p)TO 

4 


—'i— 

+ p / p ! 


tJ) n+P (±. x \* 

(to + p) ! \2 x ) 


(to + 2 p) TO 


kei» x = her„ a; 


= (0.1159315 - log, a:) bei n x - - ber„ x 


By putting to = 0 , Equations (1) to (8) are obtained. 
The function ber x = ber 0 x, etc. 

For large values of x, an asymptotic series for 
In (?) = i~ n J TO (i z) is available. (Reference 16, para. 
7.23) If to is a positive integer, putting z - x V i, 

— ir 

Vi - e i if !ma V? " e ~ - «• f-- <sta f- 
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Jn{x%s/ i) = ber„ x + i bei„ a: - i» J n ( x y *•) 

* - A V2 8^2/ 


V’ (2 7 T x) 


[L n (x) + £ Mn (x)] (19) 


j4 w 2 + (2 p - 1) (2 p + II I «tt 

p ! (8 x)p cos “4 f" 


817 

(26) 


where L n (x) = 1 - l^lzJ! cos _Z_ 


2 ! (8 x ) 2 

-cos-^- + . . . 


. . . + (— 1 )” —- n "~ l8 ) (4 

3 2 ). 

. . . {4 n~- (2 v- 

-l) 2 } 


P ! 

(8 x )* 1 


cos-^X. 

4 

• • 

( 20 ) 

?W / T ) _ 4 « 2 — l 2 . 7T 

nW iw ain ~r 




(4 n t ~ p.) (4 nS _ ? 

I 2 ) . 

2 7T 


2 ! (8 x ) 2 

— sm 

— + • • • 


+ ( _-, )n ,,(4« a -l 8 )(4» 2 - 

~3 2 ). 

. . . {4 to 2 — (2»- 

-l) 2 } 


7 1 M_^® ! + lX3 . 7T 

io(x) -lTsi— sm — 

_ (4n 2 - r) (4rc 2 + 3X5 ) . 2 it 

2 ! (8 x ) 2 sm ~ 

, (4 ffl 2 — l 2 ) (4 n 2 — 3 2 ) (4 n- ±5x 7) . 3x 

31 ( 8 x)»-- ~ 4 —• • • 

• •+(-l) p+l (4 n“— l 2 )(4n 2 — 3 2 ) . . . . {4w 2 -(2j>-3) 2 } 
{ 4 to 2 + (2p — 1) (2 p 4- 11 } . pir 

p!( 8 x)»- sin (27) 

ber„ x + i bei,/ x = (ber n x + i bei„ x) 

3 iti 

ViJ n '{xi Vi)=e 4 J n '(xiVi) 

/„ e*/vs i- z „ _ .. 


+ .. . 


Then, 


ber - 1 ^ » « ( vi - -T- + ^ ) 

_X_ 

V2 


V(2 
M n (x) sin ^ -~ 


T 

8 


• + t)] 


( 21 ) (x) sin ( + ) ] (jjg, 

^x/ V2 r- 7 

”' * = VVtx) [ r. (*) cob ( + -g_ + »*.) 

+ (*) sin (+ -|_ + iyL)J ( 29 ) 

( 22 ) An asymptotic series for 


“■* - JSrnsl"- f- + *$-) 

+ L„ (z) sin ( I h XLL) ] (23) 

The derivative'of the Bessel function is given by the 
reduction formula 

2 J n ' (x i \/i) = J i (x £ V £) — J n+1 (® £ y/ ,•) ( 24 ) 

This gives two series similar to (19), but they can be 
combined into one series as follows : 


J n '(xi\/i) - 


gx/ V2 

V(2 7 r x) 




[$n (x) 4 - £ T„ 



where 


S n (X) *» 


1 - 


4 % 2 + 1 x 3 
1 ! 8 x 



(25) 


. (4 w 2 - 1») (4 to 2 + 3 X 5) 2 7r 

+ 2 f(8xF C0S ~4~ 

(4p 2 — l 2 ) (4 n 2 — 3 2 ) (4 rt? + 5X7 ) 3 r 

3 ! (8 x ) 3 c os-j- + . . . 

• • . + (— 1)* (4 n 2 — l 2 )(4 n 2 — 3 2 )-{4» 2 -(2p-3) 2 } 


Kn(z) = (iz) 

also is given in Reference 16, paragraph 7.23. 
this is obtained 


(30) 

From 


ker„ x + £ kei„ x = i~ n K n (x \/ i) 

* / X *■ tlT \ 

" vs ' T+ ~ r '[£.(-* 


X) + £ Mn 


(-*)! (31) 

L * 

ker -*-(iw y 

+ s f) + M ° <-*)“(■ + -T + vr) ] 

(32) 

x * 

kei - 1 - ( TF ) :2 (- *> co, ( 

+ 4-+^ ) (-,) sin (^+-|- + ^ ) ] 

/9Q\ 

■f 1 * an< ^ ( *) are obtained by changing x to 
(-x) in ( 20 ) and ( 21 ). 
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For the derivative, the reduction formula can be 
used as was done for (25). The two series will combine 
into one series, as follows: 
ker„' x i kei n ' x 


— (■£-) 


2 e V2 


( X r mr \ 

-I*-) 


ker *' 1- ( 2x Y e * )cos (v2 r 


1 [ r * <*> “■ ( V2 + “I-) 

+ M*)sta(^-+ -§-)] 


[*?„ (~x) + iT n 
(-*)] (34) 


where 
So (*) = 1 


1.3 7T 

lT8l c0S -T 


l 2 . 3 . 5 2 7r 

2! (8 *) 2 C0S 4 


l 2 . 3 2 . 5 . 7 3 tt 

3! (8 a:) 8 C0S T~ 

_ 1* • 3 2 . . , (2 p - 3 ) 2 (2 p - 1) (2 p + 1) 
3> ! (8 xy 




+ ) - S n (- x) sin ^ 


x _ 7r_ . nji 

V2 8 + 2 


r)] 


Sn (— x) and T» (— a:) are obtained by changing x to 
(— a;) in (26) and (27). 

Bessel Functions of Order Zero, with Large Values of x. 
Puttingn = 0, Jo (x i Vi) = ber x + i bei x 

berI " [**<*> C 0 S (V 2 - Tr) 

- M. (i) sin ( - -I- ) ] (S7) 

w 1 - [*• > « 008 ( -$s- -f-) 

+ (*) sin (-^2 g - ) J (88) 

where 

*«- 1 + TTO«-T + lW“*T 

, 1 2 .3 2 .5 2 3 7r , 

+ 3 ! (8 x ) 8 cos — + • • • 


, l 2 ■ 3 2 . . . (2 p - l ) 2 

" r 35! (8 x)» 


COS^- + . . . (39) 


• • • ~ 81 P V(8i?» , ’~ 1>; ' ***£--■ ■ • (40) 

-T.(»)am(-^ + -|-)] (41, 


rp r ~\ _ 1 ♦ 3 7r , l 2 . 3 . 5 2 7 T 

To ^ 1! 8 a; • 4 . + 2 ! ( 8 a ;) 2 an 4 

, l 2 . 3 2 . 5 . 7 3 7 T , 

+ 3 ! (8 a :) 8 sm 1“ + ’ * • 

, l 2 . 3 2 . .. (23>- 3 ) 2 (235- 1) (2 n + l) 

’ ‘ ‘ ^ p ! (8 X)* ' 

sin + • • • (44) 

It may be noted that So ( x ) has the same value, term 
for term, as L x (x), and T 0 (x) the same as Mi (x). 
This is in agreement with the fact that J 0 ' ( x ) 
= — Ji (x). However, Si ( x ) has not the same value 
as Lo (x). 

ker* = (^)V^[L 0 (-,)cos(^. + ^) 

+ Mo(-*)an(^.+ -|-)] ( 45 ) 

kei!C = (~2x ) 2 e V2 [ M » (~ *)cos( + -g-) 

-Lo(-a;) sin(-^- + -|-)J ( 46 ) 

where Lo (— x) and Mo (— x) are obtained by changing 
x to - x in (39) and (40). 

+ r *(—)-(^r--r)] <«> 

kei '*~ ( -sf) 7 ‘~[ ^ (^--§-) 

-S.(-»)*,(^~-|-)] (48 ) 

where So (— x) and To (— x) are obtained by changing 
* to (-. x) in (43) and (44). 
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Since the general terms of these series are given, any 
desired number of terms can be evaluated. However, 
the series for large values of x are semi-divergent, and 
there is a limit to the amount of precision which they 
will give, though this is usually appreciable only for the 
smaller values of x. It can be proved that the sum of a 
given number, greater than n, of terms of the series for 
I n or K n differs from the true value of the function by 
less than the last term included, and so the series can 
be used for numerical computation. 6 

Note .that K n is sometimes, particularly in older 
publications, used to represent a function correspond¬ 
ing to J n instead of one corresponding to I n . The 
term ker, however, has been used to represent only one 
function, namely, the function whose values are tabu¬ 
lated in this paper. 

As a check on the correctness of these series. Equa¬ 
tions (1) to (18) have been used to calculate the values 
for x = 1, with n = 0 and n = 5, and Equations ( 20 ) 
to (48) have been used to calculate the values for 
* = .10> with n = 0 and n — 5. The calculations were 
carried out to several significant figures, and they 
agreed with the independently obtained tabulated 
values. 

Other series for large values of x, of which the general 
terms were not given, have been published by H. G. 
Savidge. 12 In his formula for n, the term 

_ 21 
128 V2V 

is evidently a typographical error, since it should be 

+ —? 1 . 

^ 128 V 2 x 3 

in order to agree with his preceding calculation on 
p. 108, and also with his previous publication of the 
first terms of the same series in 1910. 7 

The values of Bessel functions of higher orders in 
Tables II and III are not near enough together to give 
intermediate values by interpolation. They were 
obtained from the values of functions of order zero by 
the following reduction formulas: 20 

Bessel Function Reduction Formulas 
for Functions of Higher Orders than Zer o 

Special 

«o = ber x 

Vo = bei x 

ut = ber! x — + (1/V2) (u 0 ' - v 0 ') 

Vi = bei x x = + (1/V2) («„' + V) 


(49) 

(50) 

(51) 

(52) 


„ V 2 2 v 0 ' 

Uo = - —— {Ui - Vi) - u 0 = - 

X X 


— Uq 


(53) 


V2 2 up 

Vi - — —— (Ui + Vi) — ® 0 * — - 

X X 


— ( 1 / \/2) (Ui -|- Vi ) 


• Vo (54) 

_ 2 m 2 __ ^ _ 2 Uj 


= + (1/V2) («!- *0 - — = 

X 

-Vo' - 

2 Vi 

—(56) 

General 



n V2 

U„+i - x ( u„ - v„) - U„. i 

n ^ 0 

(57) 

n -\/2 

Vn+1 -* («» + *•)-» n -i 

n 0 

(58) 

«»' =-(l/V2;)(«„_!+»„_!)- ^ 

X 


(59) 

v n > =+(l/V2 )(«„-!-»„_!)— — 

X 

n ^ 0 

(60) 


These formulas are also suitable for Bessel functions 
of the second kind by changing u to ker and v to kei. 

A practical problem using values from Table I is 
the calculation of the skin effect resistance ratio and 
reactance ratio of an isolated tubular conductor. The 
general solution of this problem was given by Heaviside. 6 

Let m = permeability of the material of the tube 
(assumed = 1 for copper). 

w = 2 7ir/ 

j = frequency in cycles per second 
P = resistivity of the material of the tube in absolute 
units ( = 1724 for copper of 100 per cent conductivity 
at 20 deg. cent.). 

If the conductor is a cable, with a rope core or hollow 
center, p is not the value for solid copper, but should 
be determined from the resistance per 1000 ft. of the 
cable and from its diameter. 

i = V (- 1) 

„ 4 7T U CO 

m? =--— 

P 

r = outside radius of tube in centimeters 
q — inside radius of tube in centimeters 
R' — effective value of the resistance per cm. of the 
tube at frequency/ 

X' = effective value of the reactance per cm. of the 
tube at frequency/, due to flux inside radius r. 
R = resistance for direct current per cm. of tube. 


E' + iX' 
R 


= * 


. m r (r 2 — g 2 ) 


x 


(55) where 


[(ber m r+i bei m (ker m r+i kei m r)J 

[(ber' mr+i bei' m r) ^ (ker' m r+i kei' m r)J 

(51) 

C_ + i D ~ (ber' m q + i bei ' m & 

A + iB (ker' mq + i kei' m q) 


(52) 
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For the derivation of these formulas, see Reference 19. 
The right-hand part of Equation (51) can be found as a 
numerical complex quantity. The real part is equal 
to R'/R, the skin effect resistance ratio of the tube, and 
the unreal part gives the change in inductance of the 
tube due to frequency. 

The following example was given in Reference 19: 

Example. Find the skin effect resistance ratio of a 
tube in which t/d = 0.20 and m t — 3, t being equal to 
(r—q), the thickness of the tube in centimeters, and 
d being equal to 2 r, the outside diameter of the tube. 


r—q = 0.4 r 

q = 0.6 r 

m(r — q) =3 
mr =3/0.4 = 7.5 

mq = 4.5 

From Equation (52) and Table I, 

C_ + t'Z) _ ber' 4.5 + i bei' 4.5 
A + iB ker' 4.5 + i kei' 4.5 


3.753681 + i 2.052635 
0.02481454 + * 0.00771543 


= 161.387 + i 32.5401 
From Equation (51), 

Z’/R = i 8.75 X 0.64 

(5.454962 - i 29.115712 + 0.258938 + i 0.264977) 
(24.130125 - i 14.735602 - 0.012244 - i 0.388061) 


= i 3.75 X 0.64 


(574.136 - i 609.403) 
810.397 


= 1.80475 + i 1.70031 
Therefore, R’/R = 1.80475 

This is seen at once to check with the curve for 
t/d = 0.20, reading at m t = 3, in Fig. 3, of Reference 13. 

To check the result with Fig. 1 of Reference 17, 
we have 

f/Rdc (in ohms pa* 1000 ft.) 

= E fr 2 - H / X 10» X 0.3937 
P 12000 


and m ^ = _i5 2 /fr-g) a 

P 

where the dimensions are in centimeters and p is in 
absolute units. 

Therefore, 


V f/Rdc = -yj 


9 X 10 9 X 0.3987 X 4 
fir X 12000 


= 216.8 


The value of R'/R ic read from the curve is seen to be 
1.805. 


advantage the curves published in Fig. 3, Reference 13, 
and Fig. 1, Reference 17, for obtaining skin effect ratios 
of isolated tubular conductors. 

A problem involving the Bessel functions discussed 
in this paper which occurs very frequently is that of 
finding the skin effect resistance and reactance ratios of 
isolated round wire. A very complete table of these 
ratios is given in Bibliography 5, Table XXII. These 
tabulated values may be used with comparatively good 
accuracy for cables which do not have rope cores. 

It should be remembered that, as previously stated, 
if the curves or tables are used for cable, p is not the 
value for solid copper, but should be determined from 
the resistance per 1000 ft. of the cable, and from the 
cable diameter. 

It is desired to make acknowledgment of valuable 
suggestions from Mr. John R. Carson regarding the 
form of the Bessel function series. 
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Some Notes on Transformer Design 
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Synopsis. A method for determining the most economical 
proportions for transformers is suggested. The method takes into 
account the densities of flux and of current in addition to the dimen¬ 


sions taken into account in previous discussions of this problem. 
‘ anous shapes of transformers are considered. 


W ITH certain conditions which must be fulfilled 
there is some particular design of any machine 
which is the cheapest to build. These relations 
are usually so complicated that no attempt is made to 
predetermine the conditions or dimensions of the 
cheapest product except on the basis of experience and 
empirical constants. There is, however, among elec¬ 
trical apparatus, one, the transformer, which having no 
moving parts is so simple in its construction and rela¬ 
tions, that considerable work has been done in the line 
of attempting to predetermine mathematically the 
shape and dimensions that give the lowest cost. Most 
of the work published has been done in England. 4 
These methods have been carried further at the Uni¬ 
versity of Illinois during the last several years with 
the help of several workers, principally Mr. J. K. 
Me Neely, Mr. Jj. B. Archer, who has worked out 
several of the forms and graphs, and Mr. E. E. Perkins, 
who has done much of the checking and drawing. 
More variables have been brought into the equation 
and the necessary curves for numerous types of trans¬ 
formers have been worked out. 

It is of course still necessary to make use of numerous 
empirical constants, most of which depend on the 
manufacturing conditions obtaining where the trans¬ 
former is to be brought out. It seems that none of 
these should be particularly difficult to secure in any 
particular place and under a definite set of conditions. 
It has been hardest to find any accurate data on heat¬ 
ing which can be used in a general method. 

_ The method of design consists in setting up an equa¬ 
tion for the cost of the active material of a transformer 
including labor in terms of the dimensions, and differen¬ 
tiating this equation for a minimum. Restraining 
equations for power and losses contain also the terms 
for densities of flux and current which are interrelated. 
It is in this development, due to Professor McNeely, 
that the density variables formerly assumed have been 
included in the equations and curves. The solution 
of these equations is rather tedious but their solutions 
may be reduced to curves once for all from which the 
necessary values may very readily be taken, and the 
result for a ny given case may be very quickly found. 3 

1. Assistant Professor of Electrical Design, University of 
Illinois, Urbana, Illinois. 

2. Fleming and Hansen, 1903, and others at later dates. 
See bibliography. 

3. Since the writing of this paper Professor McNeely has pub¬ 
lished a bulletin using similar methods of obtaining a minimum 
cost transformer. Bui. 87, Eng. Exp. Sta., Iowa State College. 


The flux density has been made an independent 
variable on which the heating depends. As the approxi¬ 
mate value for this density is known from experience, 
tor any given type and make of transformer but little 
work needs to be done to obtain dimensions giving 
suitable surface for heat radiation. An accurate 
knowledge of the magnetic quality of the iron to be 
used is of course presupposed and all the dimension 
pioportions of the design are contingent upon these 
constants. — > 

It may here be noted that for any flux density there 
is a fixed relation between the iron losses and copper 
losses for the cheapest transformer but that the best 1 
relation of flux and current densities is not the same 
for different types of transformers. 

While it may never be possible or desirable to build 
any transformer exactly as figured by the following 
formulas, they should offer a ready means of checking 
up on how near a design comes to being the cheapest 
shape and proportions and to give a method which 
shows in advance just what should be striven for to 
give the cheapest design when the unit costs of iron and 
copper and the unit costs of winding, stacking, and 
insulating have been determined. 

Every method of design has certain limitations and 
this is no exception. For instance, this method does 
not allow starting with a certain predetermined effi¬ 
ciency or reactance and working out the design with 
those factors specified. If, however, a flux density and 
desired core loss are decided upon, the best proportions 
are fixed and may be obtained by trial from the curves. 

There develops necessarily an indefinite number of 
solutions, one for every density and that one giving 
the allowable heating must be picked out. Since the 
limiting temperature may first be reached in either the 
iron or the copper, a cheaper practical design may be 
obtained by varying the density either of flux or of 
current from that shown by the mathematical formula 
to give the least cost. Evidently a transformer having 
an infinite density of flux and current and therefore 
infinite losses would require no material and therefore 
be the cheapest to build. 4 If it were possible to place 
in the equation an expression fixing any quantity by a 
temperature limit, one solution only would result. 
This has not been found practicable. But if a basis 
of watts per square inch of surface can be used an 

4. The converse of this is not true though it has so been 
stated in print. A transformer of infinite dimensions does not 
give zero losses. 
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analytic or more easily a graphic solution can be 
obtained. In regard to reaction it has been often 
pointed out that this characteristic may be varied 
within wide ranges without altering the core dimensions 
and small changes of core to adjust for exact reactions 
desired may be made with very small increases in cost, 
since fortunately the curves of cost at the minimum 
point are very flat. 


J 

-e 

i 



Fig. 1—Core Type 


This “stacked iron area” is 

a b for forms 1 and 2 
a 2 for form 3 
16.395 j>- for form 4 



Fig. 4—Ring Coil Type and Cross-Section op Core 


The theoretical derivation of this method for deter¬ 
mining the dimensions of a transformer of minimum 
cost follows: As in practically all electrical machine 
design, the starting point is the fundamental e. m. f. 
equation. 


0.618 a 2 for form 5 
0.668 a 2 for forms 6 and 7 (4) 

For forms 5, 6, and 7 a is taken, for convenience, as the 
inside diameter of the insulating tube carrying the 
winding. (See Figs. 5, 6, 7.) 


E = 4.44/<pJV10~ 8 



Fig. 2—Shell Type 


( 1 ) 


where*# = turns, E = voltage, / = frequency, <p = flux 
Multiply by I, the current in the coil. 

El = 4.44/ <p N1 10 -8 (2) 

Since there is a difference between the ampere-turns 
of the primary and secondary sides, we shall use the 
mean value of NI. But this difference being usually 
very small, its neglect would make only a slight 
difference. 



Fig. 3—Cruciform Type 


Substituting for <p and NI their values in terms of 
densities and areas, we have, 

kv-a. = P = 0.001 El 


- 2.22 / 0 (stacked iron area) F { s h e F c 10-‘ (: 

Fi and F c being the space factors for iron and coppi 
respectively; 0 is kilolines per sq. in.; S is currei 
density m kilo-amperes per sq. in.; ab he are dimei 
sions for which see Figs. 1 to 7. 



Fig. 5 Cruciform Core—Core Type Transformer 

In each case k 3 is so chosen that, 

P = k 3 0sabhe ( 5 ) 

m several cases b = a and in the case of the ring coil 
type a b becomes p 2 . 



Fig. 6—Double Notched Core Circular Coil—Core Type 

The losses in terms of volumes can be expressed thus: 
L = Li + L e = b 1 0 2 k i F i Vi + cs 2 F e V c (6) 
(6i0 2 being a convenient form of expressing watts loss 
per lb. of iron—see under symbols, b{) 
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The cost of active material, 

C-C t k t F t V t + C.KF.V.' (7) 
where C { and C c are the costs per pound and i fc f and k e 
the weights per cu. in. of iron and copper respectively. 6 

In every case, the volumes may be expressed in terms 
of constants and the four (or three), linear dimensions. 
The equation is then a third power equation and it will 
be noticed that this expression does not contain either 
/3 or s. 



-® r ' IG - 7 —Double Notched Cobb Ciboulab Coil—Shell Type 
Cross-Section op Double Notched Cobe Ciboulab Coil— 
Shell Type 


The problem is to find the minimum value of C. 
To do this we may write: 


bC 

ba 


= 0 





( 8 ) 


There are then six unknowns, the two densities and 
four linear dimensions, and six equations. In all cases 
the equations can be reduced to these forms, even if it 
be decided to increase the area of the yokes or outside 
legs, in order to decrease densities in these parts. This 
will only bring a further numerical constant into the 
quantity. In this discussion the flux density has been 
assumed uniform in all parts of the iron circuit. 

As Vi and V c will be a different function of a b h e for 
each type of transformer, a separate solution for each 
type must be obtained. For the actual mathematical 
work involved see Appendix. 

As might be anticipated these equations solve out 
as ratios. The values of h/e and b/e are obtained as 

5, It should her© be noted that the costs must include the 
la/bor of putting the iron and copper in place in order to give a 
minimum cost transformer as manufactured. This necessitates 
getting unit costs,—costs per pound—at the factory concerned. 
Tlxe shape depends upon the necessary space required for the 
winding; therefore F c must be a function of the voltage and of the 
type of insulation used in the factory. Also C e must include 
insulation and labor costs and is therefore also a function of 
voltage. C{, the cost of stacked iron per pound, .will evidently 
vary with the proportions of the core, but as these proportions 
vary only through a narrow range in the region of transformers 
a»s now built, unit costs so obtained are quite accurate enough. 
It; will develop further on, and in fact is quite evident by inspec¬ 
tion, that the shape and proportions as regards costs are a 
function of the ratio of the costs and not of the absolute costs. 
Tlierefore curves of the ratios of C e to Ci for various voltages and 
sizes are sufficient. 

Such curves as obtained for certain average conditions from 
two manufacturers are given. 


functions of a/e or p/e. These are most easily deter¬ 
mined by drawing curves between a/e or p/e and the 
other two ratios. 

The proper proportioning of iron and copper, i. e., 
the value of the ratio a/e or p/e will evidently depend 
on R the cost ratio of iron and copper and the ratio of 
iron and copper losses. That is, the shape of trans¬ 
former will depend, not on actual values, but only on 
the ratios. 

During the solution of the differential equations the 
quantity 

(ao P 1 * 6 + b Q P 2 )/(.8 a 0 /3 1 - 6 + & 0 P 2 ) 
appears. This comes of course from the use of the 
Steinmetz formula for iron losses. 

Lib = ao /3 1 * 6 + &o P 2 

and is for any quality of iron a definite function of p 
only. This quantity is called r which quantity later 



UPPER HALF 

Ratio of Copper Cost to Iron Cost of Transformer 

Cc Post per lb. of covered copper including winding cost 

Ci Post per lb. of assembled core 


LOWER HALF 

Copper Space Factor of Transformers 


Approximate space factor ( Fc ) => 


Area of copper 
area of window 


proves to be the ratio of iron to copper loss under the 
conditions of minimum cost. See Appendix, page 10. 

• • 7 = ~ L = — &o/(8.2 cio/f}'* -f* 4 6#) (9) 


for the minimum cost transformer (but not for others) 
for any value of /9. 
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The curve, which was drawn from the data furnished 
by the manufacturer of the iron, did not show ao and bo 
to be constant as would have been the case if the Stein- 
metz Law were exactly true. The curves for bi and r 
presuppose an accurate curve showing the relation 
between flux density per square inch and watts loss per 
pound of iron. If a curve be used which gives constant 
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TRANSFC^ER^O^PErT W 
Space Factors op Transformers for Different Voltages 
and Sizes 


Transactions A. I. E. E. 

which aje (or p/e) may be found. (In actual computa¬ 
tion it is easier to assume the value of a/e and compute 
R) 

L c = s 2 e F c V„ whence 

s 2 = L„/cF e V c = Li/r e F e V c see ( 9 ) ( 11 ) 

and therefore s for the minimum cost transformer is 
also a function of p. 

As an example, the simple core type transformer may 
be used to illustrate certain of the quantities involved 
and some of the results obtained. Equations (S) ( 6 ) 
and (7) are used, and for the, 

1. Core Type Transformers 
Vi = 2 a b (2 a + h + e) = 2 A (112) 

V c = 2he(a + b + e)= 2 B (113) 

This equation assumes that the coil has square 
comers which of course is not true. The mean length 

of turn might be written as 2 (a + 6 + 7 r|-) instead 


Space factor 


Net area of copper 
Area of window 


values of a 0 and b 0 , the mathematical results here 
pven,still hold. Points were taken in pairs at short 
intervals and values of ao and & 0 were calculated and 
tabulated. This was the only use made of a B and b 0 . 
The value of R also appears in the form 

R = (5 Q- 8 )/T (8-3 rQ) =F c C f k c /F { Ci k { ( 10 ) 
Q and T are functions only of the linear dimensions, 
h'rom this equation for any given values of R and r 
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f ^ /e and ,? /e may be obtained. Though 
this is a rather complicated function it may be reduced 
by dividing numerator and denominator by * £S 
containing only the ratios a/e (or p/e) b/e h/er^J 
constants. By means of the curvesfor b/e ?/ 

onlTo? £ a , b ° Ve / it may be reduced further to terns 
f *} y a f a ‘\ (or */«) and r and constants. Therefore 
for any values of and r curves may be dr»w £2 


no X’t X’X y-2 0.6 0.7 0.8 25 ■>» 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 60 ^ 
bi fi 1 

Valves of « and 6, p . abb fob Apollo Special Elbctbifibd 
Sheet Steel, Size 29-30 M x 108 (1923) 

f 2 J a ? , 6 - + e) • This would be s %btly too small due 
to the bulpng out of the coil along the sides a and 6 . 
The actual value lies between the two but the longer 
value has been used in the calculations. 

Equation (5) becomes 

Pi = 2.22 F c Fif/3 s a b h e 10 -B (114) 

Equation ( 6 ) becomes 

Li = Li + L c = 2 k { 6 i j 8 2 F t a b (2 a + h + e) 

+ 2 cs*F c h e (a 4 - 6 -f e ) (jjsj 

and Equation (7) becomes 

C=2 F * C < k < a H2 a+h+e)+2 F c C c k c h e(a+b+e ) 

Putting the total derivatives of these three equations 
each equal to 0 and solving we finally obtain 

k /e = (3 a -f- 2 e) / (a -f- e) (117) 

b/a = (4fl + 3«)/(2a + e) (118) 

R = k 6 /ki = (5 Q - 8)/T(8 - 3 r Q) ( 119 ) 
From these equations the curves for a/e, b/e, and h/e 
have been computed. 
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Using these forms for the volumes and substituting as We have one less unknown quantity and a simpler 


before, 

h/e = (3 a + 4 e)/(a + 2 e) (217) 

6/e = (2 a + 3 e)/(a + e) (218) 

R has the same general form but the quantities Q 
and T are of course different. This is true in all subse¬ 
quent types, and therefore the equation for R has not 
been repeated. 

(a + h + e) (a + 6 + 2 e) = Sbl ( 222 ) 


reduction with less equations on that account. 


w to o 

(a + ej (2 e + 2 h + a) = A S bl P ' 2 / L >* C 322 ) 


e = s 


V (7)'7( 1+ 7)‘ l '’ i ‘ w ( 2 + 2 7 + 7) 



e 3 e 3 6* e3 
1.6 20 18 34 60 J.0 

16 16 

1.2 12 14 26 40 
10 8 12 22 3C 
08 4 10 18 20 08 
06 0 8 14 10 



Cruciform Cord, 
Cobb Type 


D otjble-N otchbd 
Core, Circular 
Coil—Core Type 


when S has the same value as before, whence, 
e = s Pi 2 (ffl/e + 6/e + 2) 

yj 4 ( 1 + ki * p Ri- (a/e) 8 (6/e) 3 

We) (a/e + A/e + 1) 
8. Cruciform Type Transformer 
V,- = a 2 (2 e + 2 h + a) = A/2 
V e =4 eh(a + e) - 2B 


D OUBLE-N OTCHED 

Core, Circular 
Coil—Shell Type 


h/e = 


8 e + 5 a 
4 e + 2a 


a/e = 6/e and a = 6 


4. Ring Coil Type Transf ormer 

Vi = 32.8 p 2 (ft + e + 3 p) = 32.8 A (412) 

V c = he (15p + 7re) = B ( 413 ) 

® ere f ga * n there is a slight difference from actual 
(223) volume for the sake of simplicity. 

t , « , 6.63 p 

Ve " 2 + 7jS0j, + ,r, 

(312) 

(313^ u WlU , b ? ^ fcan as the equivalent of a = 6 but it should 
> be noted that this is a new definition for a and 6 and not 
the one used in the other types. 

_ tfhe _ 

(318) (15 P + ft 6) (h + e + 3 p) “ ^ Pi 2 /L x 2 (422) 
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e * 8 


SiV( 15-^ + *-) 


Orhe 


yl (l +J ) 2 fo* b 1 fi* P» 2 32.8 2 ( £) 6 +1+3 P j 


wr ro t? 

(® + <0 (He + .869 a) = SbiP { 2 /L x 2 (722) 


(423) 


5. Cruciform Core, Core Type Transformer 
= 1.236 a*(He + 1.727 a)* = 1.236 A 

v—(-f-)* e (2a+ «)--§-B 


_! 

e 

a 2 he 


2 e + 3.5905 a 
e + a 


(512) 

(513) 

(517) 


e = s 




( 1 + 1 )* *i 2 6, /j* 1.785 ( iL y 1 


( 7 + 1 + -869 ~ ) (723) 

It can be seen that in all the cases the equation for e 
can be put into the form 


(2 a + <?) (A + e + 1.727 a) ~ Sbl P ^/ L ^ (522) 


S Pi 2 


U 


— 8 


Siv(2-g-+l) 

(l + i)' ii 1 i>i (S' F*' 1.527 (—)' — 


*(i+i)‘w». # .»(A) , (±)* ( A)-(£ ) 


e = s 

M 

Substituting the values for 5, which is, in every case, a 
product of constants, space factors, and frequency, 
this can be broken up into four factors as follows. 


—r--— , = aV “p 1 _1 si_ 10 10 

( 7 + 1 + 1.7271 ) (523) ^ * yj ( 1 + j )‘ b. 


fi 4 


8. Double Notched Circular Coil, Core Type 
Transformer 

Vi = 1.3356 a 2 (h 4- e •+• 1.738 a)* . 

Vc = (ir/ 2 ) h e (2 a + e) = B 


IT 


17 


1.3356 A (612) 

O 

J 

1 (~y 

(Ay. 

ft 

2 — Ai . Bi . Ci . Di 


\ 

' e ' 

^ e ' 

e 

e 


fe/e = 

a 2 he 


2 e + 3.607 a 
a + e 


(617) 


(2 a +. e) (A + e + 1.738 a) ~ Sb ' P ?/ L ? (622) 


e = s 


_««(2-r + i) 

yj( 1 + 7 ) 2 *i 2 bifi i F i 2 1.785 (~ ) 6 - 


(1 + 1 + 1.738 1) (623) 


7, Double Notched Circular Coil, Shell Type 
Transformer 

Vi = 1,3356 a 2 (ft + e + .869 a)* = 1.3356 A (712) 
V c = w h e (a + 6) = 7 rB (713) 

, , 4 6 + 3.607 a 

ft/e = - 


2 6 -(“ a 


(717) 


For dimensions of notched core giving maximum iron sec¬ 
tion mscribed in a circle, see Bohle and Robertson—“A Treatise 
on Transformers,” p. 169. 


Where K and K' are numerical coefficients differing 
with the type. These four quantities can be plotted 
in curves of which the first three are the same for all 
tpes of transformer core, the fourth is dependent on 
the dimensions and therefore there must be a separate 
curve for each type. 

A, is evidently a function of P only and can best be 
obtained from the slide rule direct 
Bi requires a separate curve for each /. Each curve is 
a function only of F c 

C x for a given frequency is a function of fi only 
Di is a function of a/e or p/e only for any one type. 

Procedure in the Design of a Minimum Cost 
Transformer 

When the curves have been drawn as indicated in the 
previous discussion, the quality of iron and the values 
of space factors and unit costs being known, the pro¬ 
cedure in the design of a minimum cost transformer will 
be as follows: 

Given Type, kilovolt-amperes, voltages, and fre¬ 
quency, and unit costs. 

To find—Dimensions, Losses, Costs. 

Assume fiat values near those known to give allow¬ 
able heating. 

Calculate L„ L c , C, and S for each value of fi and 
draw curves using fi as abscissas. 
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To find these quantities the dimensions and then the 
volumes must be obtained and these in turn depend on 
several quantities, as indicated in the previous 
discussion. 

Assume— F f = 0.9 (or other such value as the factory- 
test may indicate). 

F c , C e /Ci and r are to be taken from curves or tables. 
F e the space factor for copper, as is evident from the 
equations, takes care of all space in the window not 
occupied by copper. This includes space for 
ventilating ducts. 

Co the cost per pound of copper in place and inclu ding 
insulation, and also 

Ci the cost per pound of iron core assembled, must be 
given by the cost records of the concern making 
the apparatus. 

r can be determined only from the loss curves of the 
particular quality and thickness of iron to be 
used. See pages 823 and 824. 

R the cost ratio of a cubic inch (gross) of copper to iron 

_ C ' F ' k ' 

~ CiFi hi 

Having determined these quantities a/e or p/e may 
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L c = Li/r for the minimum cost transformer. In 
other calculations the following formula must be used. 
Lo = s*cF c Vo 


s = VL c /0.82F c Vo 

From the various dimensions and losses obtained as 
above it is easy to plot curves for “watts per square 
inch of surface” of both iron and copper losses. From 
these, according to the constants determined for any 
form and make, the proper density may be picked out 
to give the working temperature desired. 
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Pi = Mean Kv-a. of Pri, and Sec. Windings 
— A Factor Used in Determining Dimension e 
Bi and Ci are Factors Used in Determining the Dimension e 



be taken from the curves and with this value b/e and 
h/e are obtained. 


e= i/S iV X /i 0) x ft (a/e) = Ai .B 1 .C 1 .D 1 
See page 7 and preceding formulas. 

Pi = kv-a. + Li/2000 (see page 2) but L is to be 
determined from the volumes, and will actually vary 
with each value of /3. However, Lj/2000 is always 
very small compared to P x , usually not exceeding 2 
per cent, and it may therefore be assumed with suffi¬ 
cient accuracy for all practical purposes. In fact it 
may generally be neglected. 

Vi and V e see formulas given under the various types 
Li - 0.271 bi p* F { V { (see curves of iron loss and 
explanations of b u p. 833). 


Distribution Transformer 
It will be found that the minimum cost transformer 
works out so that the iron loss and copper loss are nearly 
equal and therefore the maximum efficiency comes at 
full load. This may be quite satisfactory for a “power” 
transformer but is not the proportion desired for a 
distribution” transformer which is to be on the line 
continuously but loaded only a small part of the 
time. Here it is of first importance to have the core 
losses as small as possible and on the other hand a 
considerable copper loss is not so serious a disadvantage. 

Evidently the core loss may be decreased by picking 
out a low density. This will increase cost and decrease 
the temperature rise. This is simply underrating the 
transformer to gain efficiency. 
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If it is permissible to increase copper loss, material 
and costs may be saved by increasing s and decr easi ng 
P, to a point where copper temperature limits further 
increase of s. But better, the amount of iron may be 
decreased and the amount, i. e., the number of turns, of 
copper increased in proportion. In this way L x may 
be practically constant, and the heating and tempera¬ 
ture also, if 0 and s are kept as before. This method 
proves a means of decreasing core loss very materially 
with but small increase in cost and with practically 
constant total losses provided the changes are made as 
indicated below. And such a transformer is quite 
comparable with the minimum cost transformer, as 
output, losses, and temperature rise are alike. 

Since the product <p N must be constant and 0 and s 
are to be kept constant the product abhe must be 
constant. Call this value M, as before L { /L c 
= k r , A/ki B and C - k 4 A + k r , B. Taking the differ¬ 
entials of P and C, as heretofore, putting the differen¬ 
tials of Li/L, in place of L' in matrix (7) (see Appendix 
p. 13) by similar methods of elimination the first four 
rows of matrix (8) may be obtained just as in the 
original solution for the minimum cost transformer. 
From these rows the relation of the ratio a/e to 6/e 
and h/e were obtained. Therefore, these same curves 
still held with the condition of fixed 0 and s, which of 
course might have been anticipated. 

As an example of the procedure and of the values 
obtained, let us consider a 25-kv-a., shell type, 2300- 
volt, 60-cycle distribution transformer. 

If our curves are drawn from the proper manufac¬ 
turing conditions as to cost, iron, and space factors, 
we may take at once from the curves the following 
values: 

Fi =0.9 F c — 0.41 Cc/Ci = 1.7 whence R = 0.918 
for 0 = 75 

r = 1.02 and 6j B 2 = 1.11 A, = 2.25 Bi = 0.402 
Ci = 5.03 a/e = 1.23 

6/e =3 fc/e=2.38 A = 0.665 V</e 3 = 34.3 V e /e» = 29.5 
From these values we immediately obtain: 
e = A l BiC 1 D 1 = 3.02 Vi = 944 V, = 812 whence 
Li = 255 and L c = Li/r = 250. 

Therefore we may take approximately, 
a = 3% in. 6 = 9 in. h = 7% in. and e = 3 in. and 
abhe = 730 

This is all that is required to determine a minimum cost 
transformer if. we know that at 75,000 lines the heat 
may be properly dissipated. 

If now we wish to reduce the iron loss to one-half of 
the copper loss, the values again taken from the curves 
are a/e = 0.76 6/e = 1.93 and h/e = 2.273. Since we 
are keeping the densities the same 

a/e X 6/e x h/e X e* = 730 whence e = 3.84 in. say 
3%in. 

Getting the other values (except L c ) as before, we would 
find the iron loss 190 watts. The total losses would 


be increased about 10 per cent. Other types than the 
shell type, with one exception, would show less change 
of total loss in this method of keeping densities constant. 

If iron costs 10 cents per lb., then the cost of the active 
material in the minimum cost transformer would be 
$41.25 and for the distribution transformer, with 25 
per cent less core loss $44.40, an increase of Ty 2 per cent. 

To determine then the best proportions for any trans¬ 
former becomes a very simple matter and the increased 
cost for any change from these dimensions is readily 
found. 

It works out that for a given density the least expen¬ 
sive transformer is that having the iron divided into 
the most parts in the yoke, the core type being the 
most expensive. It is possible, however, to use a 
different density in the different forms as the allowable 
heating may be different. 

On the same basis the cruciform type has also the 
lowest core losses and total losses but the shell type the 
greatest. The differences in general are small. 

Since in simple core and shell type transformers with 
rectangular cores it always works out to be more 
economical to have sections where 6 is greater than a, 
it seemed reasonable to think that an elliptical coil 
with notched core fitted in would be cheaper than a 
round coil. Core and shell types of this shape were 
worked out and show a decreased cost as expected. 
It is not large, in the neighborhood of 3 per cent, and 
would probably never pay to give up the advantages of 
the round coil. 

In this connection, however, it may be worth while 
pointing out an advantage which, so far as the writer 
knows, has been utilized by only one concern. It was 
shown years ago that the maximum iron section would 
be obtained in a circular coil where steps of the notches 
both ways were equal, that is, with a cross section 
symmetrical about two axes at right angles. There¬ 
fore, it might naturally be assumed that this is the most 
economical shape to make the core. This is not true, 
however, for the same reason that an elliptical coil and 
core is more economical than circular, the mean length 
of the iron circuit is decreased. By slightly increasing 
the diameter of the circular coil, the same amount of 
iron may be put in the core section in a shape giving a 
material decrease in dimensions a with a corresponding 
increase in other dimensions and therefore a material 
decrease in the iron volume. In fact, by careful 
adjustments practically the same results may be ob¬ 
tained as with an elliptical coil. In addition, this gives 
better cooling, for the surface of iron core perpendicular 
to the lamination is materially increased. The relative 
amounts of iron and copper for the minimum cost 
circular coil and elliptical coil transformer, however, is 
not the same, and a type using a circular coil and 
flattened core is cheaper if proportions are used nearer 
those of the elliptical coil type. 

The complete mathematical solutions of a number of 
forms are given in the appendix. 
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Appendix 

Mathematical Solution of the Equations for 
Finding a Minimum Cost Transformer . 


On p. 822 the following six equations in six unknowns 
were given: 

Pi = k a psab h e 

L t = Li + L e = hpkiFtVi + cs 2 F e V c 


bC 
& a 


- 0 





left hand side of the above equation and equals the 
ratio of the iron loss to the copperl oss. (See p. 823). 

From Equations (1), (2), and (3) the following matrix 
is set up for determining the relations among the 
variables which will satisfy the equations. 


p; l.‘ c.‘ 


ksPpbhe k t A a ' +ft 7 B a / * 4 A.'+*.*/' 

Pc' Lc' Cc' 


M sake kUS + hBS k< A*' + UB h ' 

Pc' Lc' Cc' 


ksfisabe A; 6 A/ + & 7 B*' ft 4 Ac*'+ *»£»' 

P.' L,' C,' 


k 3 p s abh k a A e '+kiB'‘ kcAS + ksB/ 

Pc' Lc' 0 


k 3 0 8 ab he (ka) fi 'A 0 

P.‘ L,' 0 


kzfiabhe (fc 7 )/ B 0 


The partial derivatives of C are taken in order to 
solve for minimum values with the other two equations 
giving restraining conditions. The two equations are 
necessary since fixing the size (Pi) introduces two new 
variables (p, s). Indeterminate multipliers will be 
used. To do this the total derivative of Pi is multiplied 
>y Xi and that of L\ by X 2 . For convenience let 


Pd = 


bp 
b a 




\i(P a ' da + P b ' db.+ P h 'dh + P.'de 

+ Pe' dp + P.' ds) - XidP, = 0 
X 2 {LJ d a + L b 'd b + L k r d h + L e 'd e 

+ W dp + L,' ds) = X 2 dLi - 0 
Co! da + C b d b -J- C b dh C t ‘ de = 0 
Adding these three equations there results: 


( 1 ) 

( 2 ) 

(3) 


(Xi P a '+Xa La'+CJ) d a+(Xi Pi'+Xa L b '+C b ') d b 
+ (Xi Pa'+X a L b -\-C b ) dh -{-(\i P,'-\-\zL t '-\-C»')d e 
+ (Xi P«'+X 2 Lfi') d/3+(XiP»'+X 2 L, r ) ds — 0 (4) 

Since there are six variables and two fixed conditions, 
four of the variables are independent; a, b, h, and e 
may be selected. This leaves p and s as dependent 
variables. Xi and X 2 may be so chosen that the coeffi¬ 
cients of d p and d s vanish identically. 

That is. 


Xi Pfi' + X 2 Le' = 0 and Xi P/ + X 2 L,' = 0 

Since &i varies with p the iron loss in watts per lb. 
must be expressed in the form of the Steinmetz equa¬ 
tion, or 

Li — ( a 0 p m + b 0 p 2 ) kiFi V < before differentiating. 
Then 

Xi k 3 sabhe + X 2 (1.6 a 0 p- e + 2 b 0 p) k { FiVi = 0 (5) 
Xi ki p a b h e + 2 X 2 c s F c V e = 0 

Multiplying the first equation by p and the second 
by s, and subtracting the second from the first, 

X 2 (1.6 a 0 p m + 2 bop 2 ) kiFt Vi - 2 X 2 c s 2 F c V c = 0 (6) 
(0.8 a 0 P 1 -* + b 0 p 2 ) h Fi Vi = cs 2 F c V c = L c 
(o 0 p 1 -* + b B p 2 ) ki Fi Vi (0.8 a b p 1 -* 

+ boP^/iaop 1 - 6 + b 0 p 2 ) = L c 

Li = rL c 

where r is the reciprocal of the last two terms on the 


From this matrix any three rows may be selected to 
form third order determinants, each of which gives a 
relation among the variables. Not all of these are 
independent relations and the useful ones must be found 
by trial. Rules for the reduction of determinants can 
be applied to this matrix in order to simplify the calcu¬ 
lations. Divide the first column by Pi. Multiply the 
second column by k b and subtract from it times the 
third column. 

Multiply the third column by and subtract from it 
kt times the second column. There results: 


l/o (ft, *,-*,*«) a.' (ft, ft, - ki ft.) B,‘ 

1/ft (fc, ft, - ft, ft,) Ac’ (ft, fc, - ft, fc,) Be’ 

1/ft (ft, ft,- ft, ft,) Ac’ (ft, ft, -ft, ft,) Be’ 

1/e (ft,ft,-ft,ft,) A.' (ft,ft,- ft,ft,) B. 1 


1 a A.' 

1 bA>’ 
l hAk' 

1 eAo 

a Be' 

bBc' 

KBc' 

eB,' 

1/0 hfayA 

- ft, (t,)e' B 


1 Ar 

ft, 2 Lt 
~ A T 

1/8 h (A;).'B 

- 1, (ft,).' B 


A»5 _ hi r 

1 t 2L ( — t 2 U 

A . A 


The transformation to the matrix on the right is 
made by multiplying the rows by a, b, etc., and dividing 
the second and third columns by (k b k 6 — k 7 k 4 ). Let 
this latter expression be equal to A and from (5) and (6) 
it can be shown that p (k e )^A = 2 L ( /r ands (k 7 ) / B 
= 2 L c . For the ring coil transformer p is used instead 
of a and 6, and for some of the other types, a alone is 
used. 

Core Type Transformer 
From page 14 of the symbols: A - a b (2.a + h + e) 
B = he (a -{- b -I- c) 

A a ' = b(4a-\-h+e) A6 / = o(2a+fc+e) A b ' =A/ <=ab 
B tt '=B b '=he B h '=e(a+b+e) B e '=h(a+b+ 2c) 

Form a third order determinant using the first three 
rows of the last matrix given above. 


1 a6 (4 a + k + e) ah e 


0 2 a a - 6 

1 o 6 (2a + A + e) bhe 

« 

0 a + e - (a + e) 

1 abh Ae(o-f6-f«) 


l h a + b + e 


The transformation to the second form is made by 
dividing the second and third columns by a b and h e 
respectively and then subtracting the second row from 
the first and the third from the second. Expanding the 
second order determinant in the upper right hand cor¬ 
ner, it is found that: 

2 a(a+e) = — (a — b) (2 a + e) 

From which b/a = (4 a + 3 e)/(2 a + e) 
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From the first, second, and fourth rows: 


II a 6 (4 a + A + tf) ake I j02a a-6 | 

1 a 6 (2 a + A + e) bhe - 0 2a + h ’ - (a + 2e) I - 0 

11 abe A«(a + 6 + 2e)| fl e a + 6 + 2<?| 

- 2 a (a + 2 e) « (a - 6) (2 a + A) 

This result, using the relation just found between b and 
a, reduces to: 

h/6 5=5 (3 u -|- 2 / (c& -|- b) 

From the first, second, and fifth rows: 


“■*(»*•+-i- 2 -r) 

= he (a — 6 ) [" e & (a + A + e) — ’ 1 

>- A r J 

_*5_ = ffi 2 (2 o+3 e) (a 2 +6 a e+6 e 2 ) (3 a 2 +3 a e-2 e 2 ) 

&4 e 2 (3 a + 4 e) (3 a 2 + 6 a e + 2 e 2 ) 

[2(a 2 +6 a e+6 e 2 )—3 r(a 2 +3 a e+2 e 2 )] 


1 a 6 (4a + ft + e) ake 


0 2a* 6 he (a - b) 

1 ab(2a + k + e) bhe 

- 

a *» 2 L, _ ft, 2 L, 

0 abZ-~ — 6Ae+—— 

. ft» 2 Tj% ki 2 L x 

A r A ~r 


ft, 2 L, 

1 A r A r 


8 •>»(,*.+ -|-5/s) 


- he (a- b)[ab (2a + h + e) - - /" ] 


Cruciform Type Transformers 

-4-2«i(2i+2e+1-+1-) A.'-26(2*+2«+ft + |) Ai'»2a(2li+2e+|+6) A,'=A.'«4«ft 

B=Ae<a + 6 + 2*) B„'»B/-A« B*' « e (a + 6 + 2«) B/** A (a + A + 4 c) 

From the first three rows of ( 8 ): 


1 .2a&(2A + 2«+a+ |) afte 


. * h 

0 J~2 «-» 

1 2a&(2A +2e+|-M) Afte 

- 

0 2tf+ -| +& - (a + 2e) 

1 4 0 6 ft fte(a + & + 2e) 


12ft a + 6 + 2e 


The solution is somewhat lengthy, although perfectly ( q & \ / o \ 

simple algebraically. The result is: \ 2 ~ 2 / ( a + 2 e) — (a — 6 ) (2 e + —g— + bJ = 0 


ft» = R = a 2 (4a+ 3e) (2a 2 +6ae+ 3e 2 ) (6a 2 +3oe-e 2 ) 
*4 e 2 (3 a + 2 e) (6 a 2 + 6 a e + e 2 ) 

[2(2 a 2 +6 a e+3 e 2 )-3 r(2 a 2 +3 a e+e 2 )] 

By dividing numerator and denominator by e T , 2J 
is made a function of a/e and t. By substituting values 
of these variables into the equation, values of R can be 
obtained and curves drawn to show the relation of a/e 
to R for various values of r. (See Curve Sheet.) 

Shell Type Transformers 

A => aft(a+A+tf) A m ' = A(2a+A+tf) A* « a(a+A+c) A*' « A/. ■ a 6 
B » fte(a+&+2e) B.' - B b ‘ - h e B* 1 « e(a+6+ 2e) B t ‘ »Ae(a+&+4tf) 

Following the same procedure as was used for the core 
type, there results from the first three rows of ( 8 ), p. 830 : 


1 1 

a 6 (2 a + ft + «) 

ake 


0 a a - 6 

1 

a b (a + ft + «) 

bhe 

tM 

0 tf + e - (a + 2 e) 

11 

a 6ft 

ft e (a + b + 2 6) 


1 ft a + & + 2 e 


- a (a + 2 e) ■ 

(a — 6) (a + e) or b/a 

- (2 a + 3 e) /(a + e) 


From the first, second, and fourth rows of ( 8 ): 


(o — &)• (2 a + 2 6 + 6 e) = 0 

Since (2 a + 2 b + 6 e) is a positive real number, 
(a — b ) must equal zero and a — b. Using this relation 

A = 2o 2 (2A+2e+tt), B =2 he(a-\-e), P a ' = 2 Itzftsahe, 
Aa = 4a(2ft + 2e + 3 -|- ) and £„' = 2 ft e 
Then from the first, third, and fourth rows of ( 8 ): 


2 4o*.(2A + 2e + 3o/2) 

1 4ft>k (*'♦«)• 

1 4o*e i2JU(a + 2tf) 


0 

0 

1 


2 fl + 3 a/2 


- (a + 2 tf) 

- e 

a + 2tf 


- 0 


e (2 g + 3 u/2) H- (A — b) (u + 2 b) =0 

h/c = (5 u -|- 8 b) / (2 -f* 4 b) 

From the third, fourth, and fifth rows of ( 8 ): 


1 4 a* A 2 ft e (a + tf) * 


3 * 4 a* (ft — tf) — 2 ft e* 

1 4 a*e 2 ft «(a + 2 «> 

- 

0 iafl ±- 2 -h 2k»<fi+2') + ±-lA 

JuLh _±L.Lh . 


Jt-Li: *« 2 

A r A r 


1 A r A r 


1 a b (2a + A + e ) aft e 


0 a 

a- b 

1 a6 (a + ft + e) bhe 

* 

0 ’ a + ft 

- (a + 4 c) 

1 a 6 tf ft tf (a + 6 + 4 e) 


1 e 

a + b + 4tf 


-«(« + 4») - (ft — 6) (ft + h)orh/e - (3 a 4-4 e)/(a + 2«) 


From the first, second, and fifth rows of ( 8 ): 


1 

a 6 (2 a + ft + «) 

a he 


0 

a* 6 

(a - 6) ft tf 

1 

a b (a + ft + «) 

bhe 

- 

0 

06Z—~ 

A 

2 . ft, 2 L, 

1 

hi 2 l, 

_ ft, 2 L, 


1 

ft» 2 L, 

k< 2 Li 

A r 

“at 


A r ~ 

A r 


4 o 2 (ft - e) |2 h e (a + 2 e) + —- ~~J 

+ 2fte 2 (4 a 2 e - = 0 

_As_ = = 2 a 2 (a 2 +9 a c+12 e 2 ) (3 o 2 +2 a e-4 e 2 ) 

*4 • e 2 (5 a + 8 e) (a + e) [2 (a 2 + 9 ae 

+ 12 e 2 ) - 3 r (a + 2 e) 2 ] 
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Ring Coil Type^Transformers 

j4*»p*(A+*+ 3 p) A p '«p(2ft+2e+9p) A*'»A,'»p* 

«(16 p+w e) B„' *15 A e B*'»«(15 p + jr e) B.'«ft(15 p+2 ir e) P/ -2 kds phe 

From the first, third, and fourth rows of (8): 


2 p*(2ft + 2e + 9p) 

16 pft e 

0 

2 e + 9 p 

- (15 p + 2 ir e) 

1 p*A 

A 6 (15 p + T 6) 

- 0 

A- e 

- ir e 

1 p*« 

A e (15 p + 2 v e) 

1 

e 

15 p + 2 ir e 


l P*A he(15p+re) 


0 p* (A — e) he (-re) 

1 P*« fte(15p+2xe) 


0 p ’ e -i ‘r 2 ~r hwp+ 2 *»+-%- 2 -L 

Jt_2 ki 2 Li 


k t 2 L t ^ 2 Li 

A r ~ a r 


A r A r 


P 2 (A-e)[Ae(15p + 2xe) +2k i L i /Ar] 

+ ir ft e i (p* e — 2 ft, Li /A r) = 0 


ft, R 
ft, “ 32.8 


__ _ p» (45 p* ’+ 77.1 p e + 18.85 &) (135 p 2 + 15 p e - 6. 28 e*) 

c*(43,3p+12.57 e) (15 p+3.14 <0(2(45 p*+77.1 pe+18.85 £)-3r(45 p*+33.85 p e+6.28 e*)J 

Cruciform Core, Core Type Transformer 

A = a*(h + e + 1.727o) A/ - a (2ft + 2« + 5.18a) A*' - A/ - a? B-ftefl2» + e) 
B, ** 2Ae B A '-«(2a + e) B/-2ft(a + «) P/ - 2ft,0'jraA e 

From the first, third, and fourth rows of (8), p. 830 


From the first, third, and fourth rows of (8), p. 830 


2 

a* (2 A + 2 e + 5.214 a) 

2 ahe 

0 

2 e + 5.214 a 

- 2 (a + e) 

1 

a* A 

A e(2 a + e) 

- 0 

ft- e 

e 

1 

a*e 

2 A e (a + «) 

1 

e 

2 (a + e) 


tt e (2 e + 9 p) = (ft - e) (15 p + 2 ir e) 

A/e = l + 7r(2e + 9 p)/(15*p +2 we) 

= (43.3 p + 12.57 e)/(15 p + 6.28 e) 
From the third, fourth, and fifth rows of (8): 


2 (ft - e)(o + e) = e (5.214 a + 2 e) orh/e = 
From the third, fourth, and fifth rows of (8): 


3.61o+2e 
a + e 


1 a s ft 

he (2a + e) 


0 

a* (A - e) 

- Ae* 

1 a>e 

2A«(a + e) 


0 

, ft. 2 L, 

°’ e -—— 

ft 2 L 

2 A e (a + e) + -j—p 

, ft» 2 L t 

fti 2 L, 



t. 2VL, 

ft. 2 L, 

1 .• A r 

A r 


1 

A r 

A r 


2a* (h-e) [he (a + e) + k 4 L { /Ar] 

+ h e* (a* e - 2 ft, L</ A r) = 0 

ft, _ 

*4 “ 0.85 

_ a 2 (1.74 a 2 + 6.35 a e + 3 e 2 ) (5.21u 2 + a e - e 2 ) 
e 2 (3.61 a + 2 e) (2 a + ej [2 (1.74 a 2 + 6.35 a e + 3 e 2 ) 

— 3 r (1.74 a -f e) (a + e )] 

Double Notched Core, Circular Coil, Shell Type 

A *a a (A+e+0.869a) A.'-a(2A+2e+2.607a) A*' = A«W B=he(a+c) 

B a '=Ae B*'«=e(a+e) B/=A(a+2 «) P 0 '=2 ft, j3 so ft e 

From the first, third, and fourth rows of (8), p. 830 


• 2 

a 5 (2 A +2e + 2.607 a) 

ahe 

0 

2 e + 2.607 a - (a + 2 <?) 

1 

a 5 ft 

h e (a + e) 

- 0 

ft - e - e 

1 

a*e 

A e (a + 2 e) 

1 

« a. + 2 * 


2 

a s (2 A + 2 e + 5.18 a) 

2 a he 

0 2 e + 5.18 a 

- (2 a + 2 e) 

1 

a 1 ft 

ft e (2 a + e) 

- 0 ft-e * 

— e 

1 

a* e 

2 A e (a + e) 

1 e 

2 (a + e) 


(ft e) (2 a -f- 2 c) — e (2 c + 5.18 o) 

ft/e = (3.59 o + 2 e)/(o + e) 
From the third, fourth, and fifth rows of (8): 


1 a* A A fi (2 a + e) 


0- a* (A - e) 

-* Ae* 

1 a* e 2 A e (a + e) 


0 

A r 

2Ae(a + «) + 

ft, 2 L< ft 4 2 L« 


, i. Z L< 


A t ~ A r 


1 ~~ 

A r 


2 o 2 (ft - e) [ft e (a + e) + k 4 LjA r ] 

+ ft e 2 (a 2 e - 2 ft, Li/A r) = 0 

ft, jR 

ft 4 0.787 

o 2 (1.73 a 2 + 6.32 a e + 3 e 2 ) (5.18 a 2 + o e - e 2 ) 
e 2 (3.59 a + 2 e)(2 o + e)[2(1.73 o 2 + 6.32 o e + 3 e 2 ) 

— 3 r (1.73 o + e) (o + e)J 

Double Notched Core, Circular Coil, Core Type 

A »a*(&+6+1.788a) X.'~a(2ft+2e+6.214a) A.'-4.'-a* B-Ji 4(2 a+e) 

B,'-2 A e B»'««(2a+e) B,V2A(a+«) P«'~2ftijJ«a Ac 


(ft - e) (o + 2 e) = e (2.607 a + 2 e) 

ft/e = (3.607 a + 4 e)/(a + 2 e) 
From the third, fourth, and fifth rows of (8): 


1 a 5 ft ft e(a + e) 


0 a* (A - e) -he* 

1 a* e ft «(a + 2 e) 

- 

0 a * e -~T m ^T 1 he(a + 2e)+~^ 

ft. 2 L x k A 2 Z,. 


i ft< 2 Li 

1 

▻ 

** I 


A r "Ar 


® 2 (ft - e) [ft e (a + 2 e) + 2 ft, L.-/A r] 

+ ft e 2 (a 2 e — 2 ft 6 L,-/A r) = 0 

ft, _ R 
ft 4 “ 0.425 

a 2 (0.869 o 2 + 6.35 o e + 6 e 2 )(2.61 o 2 + o e - 2 e 2 ) 
e 2 (3.61 o + 4 e)(a + e)[2(0.869 a 2 + 6.35 a e + 6 e 2 ) 

- 3 r (0.869 a + e) (a + 2 e)] 

Lighting Transformers 

In order to determine the dimensions of a transformer 
having minimum cost and a lower iron loss than the 
one selected on the basis of allowable temperature rise, 
P an< I s will again be selected as the dependent variables 
and will be held constant. The equations for the power 
and for the ratio of iron loss to copper loss will now be 
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the restraining conditions. Taking the derivatives as 
in the previous development (p. 830), the following 
equations are obtained. 

PS da + P b ' db + PS dh + P/de = 0 
t a 'd a 4- t b' db -f- tS dh 4- v/ d e =0 
CS da + CSd b + CS dh + CSde = 0 

Since ff and s are constants, the use of indeterminate 
multipliers is not necessary. A matrix can be set up as 
before using the coefficient of the differentials in the 
above equations. 


P» IV cv 


falls A h v fa (AS B - A BS)/fa tf 5 fa AS 4- fa B/ 

/V r*’ CY 


faftsahe fa (,U* B - A BS)/fa IP fa AS 4- fa BS 

/Y Y cy 


fads ahe fa (AS B - A BS)/fa B 1 fa AS 4- fa BS 

/V r; tv 


faff sab h fa (AS B - A BS)/fa B* fa AS *4 fa BS 


Since r = 


fa A 

kiB 


dr 
d a 


(faASfaB-faAfaBS)/fa*B* 


= Jfc,(A.'B- ABS)/faB\ etc. 
Divide the first column by P - k 3 P sab he and 
multiply the second column by hi B*/fa. 


I.« A.'I)-AIK’ k,A.'Ak t B.‘ 
I II' A.R-ABS iwV 4 k t U,‘ 
I* A.'II- A /»,' k,A.' +■ k.lW 
It A.tt-AB.' k,A: + *.«.' 


1 /u (faB -| faA)AS 
l/h (faB + k t A)AS 
1 /h (kbit 4 * k%A)AS 
l/c (kbit + k i A)A/ 


(fa B I* A, A)BS I 
(h B 4 faA)BS\ 
(As B 4* As A)BS 
(As H 4- As A)BS I 


The matrix on the right is derived from the one on the 
left by adding A times the third column to fa times the 
second and by subtracting times the second column 
from’ B times the third. Divide the second and third 
columns by fa B + fa A and multiply the rows by 
a, b, h, and e respectively. 

1 a AS aBS 
1 bA h ' b BS 
1 hAS h B h ' 

1 eAS eB/ 

This matrix is in the same form as the first four rows 
of the right-hand member of matrix (8) p. 830 and will 
yield the same values of b/a and h/e, as the ones found 
for the various types in the preceding pages of this 
Appendix. Thus the same curves between a/e and 
6/e, h/e can be used for new assumed values of a/e, 
which are to be used in reducing the iron volume and 
loss. 

Transformer Design Notes 

Symbols. 

a width of iron core in inches, (see Figs. 1, 2, 3) or 
the diameter of the circle circumscribing 
notched cores, (see Figs. 5,6,7) 

»o = a constant of the Steinmetz formula for iron loss. 
Its product with /S 1 - 8 gives watts hysteresis loss 
per lb. of iron 

A = a letter replacing a combination of symbols. See 
p. 834 

Ai = Pi 1 

6 = depth of iron core in inches except in Ring Coil 
Types, see Figs. 1-7. 


60 = a constant of the Steinmetz formula for iron loss. 

Its product with 0 2 gives watts eddy current 
* loss per lb. of iron. 

61 = a coefficient by which /S 2 is multiplied to obtain 

watts iron loss per lb. of iron: determined 
empirically from the iron loss curve for various 
values of 0. (See p. 823.) 

B = a letter replacing a combination of symbols. 
See p. 8 34 

Bi — V 1/Fcf 1 see p. 827 also see curve 
c = resistance, in microhms, measured from face to 
face of a copper cube of one inch edge = (0.82) 
C = cost of the active iron and copper in the trans¬ 
former 

C 0 = cost in cents per lb. of copper (wound in place 
with insulation) 

Ci = cost in cents per lb. of iron (stacked in place) 

Ci - yj 10 10 / (1 H—) 6i/J 4 See p. 827 also see 
curve 

D t = seep. 834, and curves 
e ~ width of window (See Figs. 1-7) 

E = high-tension volts 
/ = frequency in cycles per second 
F b - space factor of copper (see curves) 

Fi - space factor of iron (taken as 0.9) 
h = height of window (see Figs. 1-7) 

I = high tension current in amperes at rated kv-a. 
ki = weight in lb. of one cu. in. of iron net = (0.271) 
k c = weight in lbs. of one cu. in. of copper net 
= (0.321) 

ki, kt, fa, ko, fa letters replacing combinations of sym¬ 
bols. See p. 834 
L = total loss (in watts) 

L c = watts, copper loss 
Li = watts, iron loss 
Li = any definite numerical value of L 
N = high tension turns in series 
P — a dimension of Ring Coil Transformer. See 
Fig. 4 

P = mean kv-a. 

Pi = any definite numerical value of P 
Q = a letter replacing a combination of symbols. 

See p. 834 
r = L{/L r . 

R = ratio of cost of a cu. in. of copper to one of iron 
(gross) 

s = current density in kilo-amperes per sq. in. 

S,T,U = letters replacing combination of symbols. 
(See p. 834) 

Vo = gross volume of copper in cu. in. 

Vi = gross volume of iron in cu. in. 

Z - a letter replacing a combination of symbols. 
(See p. 834) 

|8 = flux density in core (kilo-lines per sq. in. of net 
iron section) 

<p = total flux in core. 
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Symbols and Their Equivalents 
1. Core Type. 

A = ab (2a + h + e) = Vi/2 
B = he(a + b + e) = V e /2 


D 1=8 

\ 


U 

z 


3.38 U/e 


(iHl)' 7- 


k 3 

*4 

hs 
&6 
k 7 . 

Q 

S 


T = 


= 2.22 Fi F c /10- 5 
= 2 Ft Ci ki 

= 2 F c C e kc 

= 2 ki bi /S 2 Fi 

= 5 q2 P 

= 1 + (1- h/Z)/(l-b/U) 
= 16 C 

h/Z 

= B/A 


e 

a 


b/U 

= a+b+e 
— 2 a + ft + 


Z 

e 


2. Shell Type. 

A - a 6 (a + h + e) = Vi/2 

B =he(a + b + 2e) = V c /2 

Di = Same form as core type 

k&, kt, k^ ki = Same form as core type 

Q, S, T — Same form as core type 

U = a + 6 + 2 e 

Z' = a + h + e 


Di = 8 


0.000382 U/e 


/ P \ 6 _ft £ 

\ e / e e 


ki =36.4^4^/10-® 
ki = 32.8 FtCiki 
kt = f Ce k e 
k$ = 32.8 kibip* F { 
k 7 = cs 2 F e 

( l + L5 ° P~ h 

Q = 1 + 


(1 - 7.50 p/U) 
S =131.1 cFoFiki/kf 
h/Z 


T = e/p 


= B/A 


P/U 

U =15 p + w e 
Z = ft + e + 3 p 

5. Cruciform Core, Core Type. 

A = a 2 (h + e + 1.727 a) = V./1.236 
B = h e (2 a + e) = 2 V c /tt 


Di = s 

\ 


11.21 


U 


\ e ' e ' e 


3. Cruciform Type. 

A = 2a&(2ft+2e+-2+—) = 2 a 2 (2 ft+2e+a) ='2 Vi 


B 

Di 


he(a + 6 + 2 e) = 2 he (a e) 
| 13.5 U/e 


V(tM 


ki, k t , k 7 = Same as Core Type 
*4 = 0.5 Fi Ci ki 
ki = 0.5 ki b\ /3 2 B 4 


y«/2 


Q =l + (l- — - )/C 1-a/U) 


S = Same as Core Type 


k s = 1.372 f FiF c . 10-® 
h = 1.236 FiCiki 
k s = 1.5708 F.C.k. 
ki = 1.236 bypkiFt 
*7 = 1.5708 c s 2 F c 
S = 7.768 c F c Fi k { /W 
U = 2 a + e 
Z = ft + e + 1.727 a 


6. Double Notched Circular Coil, Core Type. 

A = a 2 (ft + e + 1.738 a) = V</1.3356 
J3 = ft e (2 a + e) = 2 V c /tt 



r = — hlZ ehU 

a b/U ~ a 2 Z = 

27 = o + 6 + 2e = 2(a + e) 

^ =2(2ft+2e + |- + -|)=2(2ft + 2e 


^3 — 1.482/ E 4 E c . 10 ~ 8 
ki = 1.3356 FiCiki 

ki, k 7 = Same as cruciform core, core type 
ki = 1.3356 bi (3 2 ki Fi 
S =8AcF e Fiki/ki 2 
U = 2 a + e 
Z = ft + e + 1.738 a 


l. Ring Coil Type. 

A = p 2 (ft + e + 3 p) = V 4 / 32.8 

B = ft e (15 p + tt e) = V 0 


7. Double Notched Circular Coil, Shell Type. 

A = a 2 (ft + e + 0.869 a) = V f /1.3356 
B = ft e (0 + e) = V c / 7 r 
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8 

M 


17.78 


U 


(7) 


8 — 
e 


Z_ 

e 


kit, ki, kz = Same as double notched core type above 
k 6 = 3.1416 F c C c k c 
k , = 3.1416 c s s F e 
S - 16.78 c F e Fi kt/ka 2 
U = a + e 
Z = h + 6 + 0.869 a 
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Recent Developments in Telephone Construction 
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Synopsis • In this paper are described recent developments in 
telephone construction practises which react to preserve the integrity 
of the sheath of lead covered cable, thus decreasing insulation troubles 


due. to moisture seeping through armor breaks and warding off 
serious service interruptions. 


Introduction 

ROWTH of the telephone plant in the Iastfewyears 
has naturally followed the tremendous increase in 
the use of this method of communication. The 
outside plant which has been built to satisfy these 
increased requirements is very largely either aerial or 
underground cable. 

The extension of the toll cable network, wherein 
several hundred telephone and telegraph messages are 
carried within a lead-antimony cable sheath of approxi¬ 
mately 2%-in. diameter, and the development of 
exchange cables in sizes up to 1818 pairs of wires, 
have necessitated new construction practises intended 
to lessen service interruptions caused by the opening of 
this lead sheath. 

In this paper a description of recent developments in 
the construction of telephone outside plant in so far as 
they affect maintenance and service reliability will be 
presented. They are the result of development work 
throughout the country and.it is felt that they represent 
a decided advance in building plant which will be sub¬ 
ject to fewer troubles and appreciably less interruptions 
to service. 

The paper is divided into three sections: First, the 
development of gas pressure testing which has made it 
possible to determine the location of sheath openings 
before they result in failure. Second, recent advances 
made in the methods of erecting aerial cable, which it is 
hoped will eliminate bowing, buckling, and other 
movements of the cable which in time cause a 
fracture of the sheath. Third, the application of 
catenary construction to telephone cables which has 
resulted in the possibility of locating cable routes over 
rivers and rugged terrain which, a few years ago, could 
not have been followed except where the cables could be 
attached to bridges or other crossing structures. 

Gas Pressure Testing 

General. Sheath breaks occur in both aerial and 
underground cable plants and can usually be attributed 
to one of the following: 

1* Bot h of Cincinnati and Suburban Telephone Com¬ 
pany, Cincinnati, Ohio. 

Presented at the Regional Meeting of the Middle Eastern 
District of the A. I. E. E., Cincinnati, Ohio, March 80-28 , 1989. 


Aerial Cable 

Ring cuts 

Breaks due to buckling and bowing 
Bullet holes 
Splicing defects 
Manufacturing defects 

Underground Cable 
Breaks at duct entrances 
Breaks due to poor arrangement in manholes 
Snagging cable while pulling 
Electrolysis 

Foreign companies’ workmen 
Splicing defects 
Manufacturing defects 

With the extension of the toll cable network, it 
became necessary to provide a definite plan of preven¬ 
tive maintenance by means of which the above potential 
troubles might be eliminated. 

The plan for eliminating these defects was set up 
along the following lines: 

1. Gas pressure testing 

2 . More care in racking in manholes 

3. Educating employes in the handling of cable 

4. Extensive electrolysis surveys 

5. Frequent manhole inspections 

6 .. Filling sleeves with paraffin (in the case of 
exchange cables) 

7. Frequent inspection of aerial routes 

8 . Close observation of work being done by foreign, 
companies’ workmen along routes paralleling telephone 
plant 

9. Pulling and splicing cable at such tensions as will 
insure the elimination of trouble due to bowing 

10. Erecting strand at proper tensions in order to 
procure proper sags 

11 . Engineering on such a basis as to warrant cable’s 
being free from trees, fire hazards, and other sources 
which might cause interruptions. 

The introduction of gas under pressure into a cable 
is not a new departure, but the kind of gas and the 
apparatus for applying it have undergone considerable 
development and improvement in the past three years. 

Briefly, the earlier methods consisted of injecting 
compressed air, which had been dried with 
chloride, into the cable, and watching the previously 
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installed pressure gages for a drop in the internal sheath 
pressure which would indicate a hole or holes in the 
sheath. 

In using this method on telephone cable considerable 
difficulty was experienced in removing the moisture 
from the air completely enough to insure that the 
serviceability of the insulation would not be affected. 
As a result of this experience it was deemed necessary 
to find a gas of a lesser moisture content and this led 
to the use of extra dry carbon dioxide for this purpose. 
While from a moisture standpoint this gas was well 
suited for testing purposes, its physical characteristics 
were such as to curtail, to a certain degree, itjuse by 
the field construction forces. 

A special dried nitrogen gas has come into widespread 



Fig. 1—Shall Cylinder Gas Pressure Equipment 
Showing regulating equipment valves ami awl. 

use for testing telephone cables. This gas is extremely 
dry and has the advantage of requiring very little 
associated equipment to regulate its flow into the cable. 

Equipment. Inasmuch as oil pumped nitrogen has 
almost universally supplanted carbon dioxide in cable 
testing work, we will, in this paper, describe only 
equipment and tests which use this gas. 

Two types of cylinders are used for supplying gas to 
the field forces. The larger size is the usual 55-in. 
cylinder which the manufacturer uses to send the gas 
from his plant. These contain approximately 15 lb. 
of gas at a pressure of 2000 lb. per sq. in., their total 
weight being 150 lb. Containers of this type are 
usually employed in large construction projects where 
there are thousands of feet of cable to be tested and 
where it is usually convenient to haul them to the job 
by means of trucks. 


A cylinder of this type will test approximately 6000 
ft., or one loading section of full sized cable. 

In order that small amounts of gas may be available 
for testing single splices, as is the case when a splicer 
has worked on an existing cable, a small 25-in. cylinder, 
(see Pig. 1) containing sufficient gas to test eight or 
nine 4J/2-in. sleeves, is used. These tanks are filled 



Fia. 2 —Manifold Equipment 
For transferring gas from large to small cylinder 


from a battery of the larger 2000-lb. cylinders, until 
their internal pressure reaches 1600 lb. per sq. in., as 
shown in Pig. 2. The small tanks are located at the 
splicer’s supply base and are ordered by him in much the 
same manner as he would order sleeves, solder, etc. 

The regulating equipment for both cylinders is 
practically the same. This apparatus is also shown in 
Pig. 1 and consists of a regulating valve for controlling 
the ingress pressure, a 50-lb. gage for reading this 
pressure, and a 3000-lb. gage for registering the cylinder 
pressure. The scale of the latter gage is also calibrated 
in cubic feet at atmospheric pressure in order to in¬ 
dicate the amount of gas in the tank at all times. The 



Fig. 3—Portable Pressure Testing Equipment 


rubber hose provides a means of conducting the gas 
from the tank into the cable. 

In the splice is installed a 30-lb. gage and an ingress 
stem, both designed so as to screw into a hole made 
with an awl. Each of these items is equipped with a 
rubber gasket so as to make an air-tight fit with the 
sleeve of the cable, without employing the use of solder. 
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A carrying case has been developed in which is 
packed equipment to be used in placing the cable or 
splice under pressure and inspecting the metal work 
after this has been done, (see Pig. 3). The only other 
equipment necessary to carry on these tests is carried 
by the splicer as part of his regular kit. 

Single Splice Tests . In the case of single splice tests, 
two holes must be made with the awl, one near each 
end of the sleeve. These are made at this point 
as it is here that the possibility of injuring the wire work 



Pig. 4 Single Splice Testing Arrangements 


Valve and gage locations 

is a minimum. The valve stem and 30-lb. pressure 
gage are then screwed into these holes. The splice 
will then look like Fig. 4. 

The regulator equipment is then attached to the 
small cylinder and the hose connected to the valve 
stem in the splice. 

Before the gas is turned on, the entire sleeve and both 
joints are covered with a heavy coating of soapsuds. 
After this has been done, the splice is ready to receive 
the gas. The cylinder valve is then released and the 
regulator set until the ingress pressure reaches 40 lb., 

the rate at which the gas is allowed to flow into the 
cable. 

Before the sleeve is placed on the splice, the con¬ 
ductors and muslin are boiled out with paraffin heated 
to a temperature of 375 deg. to 390 deg. fahr., in order 
to remove any moisture which may have been de¬ 
posited on the conductors by perspiration from splicers’ 
hands or manhole dampness. This paraffin usually 
runs back under the armor of the cable for a distance 
of six or eight inches. When cold, this paraffin forms 
a temporary dam which holds the gas in the splice long 
enough to make the test. 

. , men the pressure within the splice reaches 5 lb. as 
indicated on the screw-in pressure gage, the gas is 
cut off at the cylinder. The sleeve and joints are 
then examined with the magnifying mirror with a view 
to finding bubble formations which indicate leaks. 
In the case of large leaks, it is often possible to hear the 
hiss caused by the escaping gas. 

If no leaks are found, the gage and valve stem are 
removed, the gas permitted to escape, and the holes 
carefully soldered shut. Should a leak be detected in 
the joints, they are rewiped and the tests repeated. 


All splices which are tested by means of gas are stamped 
“G. T.” (gas tested) in order that we can check from 
time to time on the effectiveness of this type of 
maintenance. 

On new cable projects where long lengths of cable are 
to be tested, the usual procedure is to splice the cable in 
loading sections of 6000 ft. and to test these sections as 
a unit. After all electrical testing has been completed 
and before the loading is cut in, the ends of the sections 
are capped and gages installed at each end. At the 
loading point where the two ends of different sections 
appear, valve stems are fastened into the lead caps and 
a large cylinder of gas is connected to the cable by means 
of a regulator and two-way hose connection. The set 
up for this type of test would be quite similar to that 
shown on Fig. 5. 

After the equipment is connected to the cable, the gas 
is turned on and its flow regulated in exactly the same 
manner as outlined for the single splice tests. Nitrogen 
is permitted to flow in at a 40-lb. rate until the meters 
at the far extremities of the section register 5 lb., at 
which time the tank is disconnected and the pressures 
at all meters recorded as soon as possible. 

In making tests of this nature it is possible to classify 
the defects to be found into two groups; those at the 
point of splicing which includes all exposed cable in 
the manhole in the case of underground cable; and those 
which fall in the sections between the splices or which 
are between the manholes (in the duct line). 

Troubles of the first type are detected by soaping of 
sleeves in the sections under test. Special attention 



Fig. 5—Section Testing 

Method of setting up equipment when pressure testing long sections of 


cable 

is given to seams; wipes, and bends. Leaks, of course 
are indicated by the formation of bubbles. 

In the case of sectional defects more elaborate means 
of detection are employed. After the gas has been 
disconnected from the cable, the readings at the point 
of application will be considerably higher than those 
at the ends of the section; but within three hours the 
pressure should equalize throughout the sections. It 
is usually customary to leave the gas pressure in the 
cable over night when practicable. The ability of the 
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cable to hold the pressure is a positive indication that 
the sheath is in good condition. Inability to get a 
pressure reading at the end of the section under test is 
an indication of an extremely large leak, which must 
be repaired before the test can be continued. 

If the reading at one end is appreciably different from 
that at the other, or if they are equal but lower than the 
average at the time the tank was disconnected, it is 
probable that one or more defects exist, and that they 
are in the duct line in the case of underground cable, 
or in the section between the splices in the case of aerial 
cable. 

Several methods of locating this type of trouble have 
been used with fair degrees of success. 

On aerial cable where it is possible to ride the entire 
section under test, the first step is usually to cover the 
section with the intention of hearing the hiss caused by 
escaping gas and to inspect the cable from the ground 



Fig. 6—Graphic Method op Locating Sheath Breaks 

Typical pressure curve for section of aerial cable having two sheath 
breaks 

Note: One 200-cu. ft. cylinder of nitrogen is sufficient to test a 6000 ft. 
section of cable 

for any bends, kinks, or flaws which would be soaped 
to locate the trouble. 

The next step would be to install a gage in each splice 
in the section. As full size cable is usually put up in 
750-ft. sections, there would be seven splices in a 6000- 
ft. section in which meters would have to be installed. 
It is necessary that the valve test points be equally 
spaced along the cable. This would make nine points 
at which the pressure of the cable can be read. 

The pressure readings taken to the tenth of a pound 
are then recorded on cross-section paper laying off the 
pressure as ordinates and the test points as abscissas. 

Theoretically, were the cable to be free of defects, 
these points would lie in the same straight line. The 
presence of defects would be indicated by low points on 
the curve. 

The curves shown in Fig. 6 are an example of the 
method of locating trouble in a ten-mile section. From 
curve 6-A low spots or defects exist in the vicinity of 
poles 980, 785, and possibly near 530. Since the 


condition at pole 980 is most clearly defined, the defect 
at that point will be considered first. 

The plan used in the location is to extend the con¬ 
verging slopes of the curve at the low point and the 
defect will be found close to the location at which the 
converging lines intersect. Thus the readings at poles 
1109,1046, 980, and 915 shown in Fig. 6a are laid off 
on a larger scale on Fig. 6b. Lines drawn through 
these points intersect near pole 1012 and the trouble 
was found in a leaky sleeve at that point. 

In Fig. 6c the defect was indicated between poles 
1728 and 1646. The pressure readings at poles 1800, 
1728, 1646, and 1568 are laid off on Fig. 6 d and the 
extended lines on this curve intersect at pole 1695. 
The defect was found to be a bad sleeve at pole 1693. 

This same procedure is used in locating defects in 
underground cable where the sheath break occurs in the 
duct line. The defect will be located between the man¬ 
holes at which the lowest pressures are recorded. 

After the defect has been located between two man¬ 
holes, the splices at those points are filled with paraffin, 
care being taken to heat the armor so as to have the 
paraffin run back into the cable and fill all voids. 
When this wax cools, it forms a dam, and is reasonably 
effective in preventing the flow of gas during a short 
period. This length of cable is then again pumped 
up and a check test made by means of comparative 
pressure readings. Should these readings again fall, 
the section is replaced and all electrical and capacity 
unbalance tests remade at which time the gas pressure 
tests are repeated. 

Still another method of locating sectional defects on 
underground cable is to segregate the defective sections 
by means of the paraffin dams just described. The 
first dam would be placed at the final capacity un¬ 
balance splice with gages fitted into the armor on each 
side. The two half sections are then pumped up and 
the pressure will fall in the half section having the 
sheath break. This half section is then redivided into 
two sections by placing a dam in its midpoint, and so on 
until the leak is narrowed down to one duct length 
between two manholes. The trouble is cleared in the 
same manner as mentioned in the previous case. 

Constant Pressure Testing. So effective has this 
system of pressure testing been that quite a number of 
the more important toll cables have been placed under 
constant pressure. 

After the cable has been cut into service, all lateral 
taps and both terminal ends are sealed with dams or 
plugs to prevent the escape of gas. 

In addition to plugging the cable at the ends and 
lateral taps, intermediate plugs are installed at approxi¬ 
mately ten-mile intervals, in order to sectionalize the 
cable for use in locating sheath breaks. Valve stems 
are located at the loading splices which give them a 
6000-ft. spacing. 

In testing underground cable on this principle, the 
stems are located above the water line of the manholes 
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and connected to the cable by means of copper tubing. 

When the section is ready, gas is introduced into the 
cable at the usual 40-lb. rate at each of the valve stems 
along the ten-mile section. By injecting from 180 to 
200 cubic ft. of nitrogen for each mile of cable, it is 
possible to gage by the cubical content registered on the 
regulator equipment just how much gas should be put 
in to result in an equalized pressure of 15-20 lb. 

After the gas has been allowed to equalize, which in 
this case requires several days,- the pressure reading at 
each point is taken with a gage made to fit over the valve 
stems, and is plotted on cross-section paper. As 
before, the low points are then taken as indications of 
sheath trouble. When the trouble has been narrowed 
down to one section, the methods described for sectional 
defects are used to locate the trouble. 

In order to have a means of detecting loss of pressure 
after the section has been inflated for some time, 
electrical indicating gages associated with an alarm 
circuit are placed in each ten-mile section. The alarm 
circuit is usually a non-loaded pair stubbed out to a 
terminal, the tail of which has been plugged. The gage 
and terminal are placed in a box on the pole and the 
gage connected to the cable by copper tubing. This 
line is equipped with a cock for shutting Off the gas when 
working on the gage. The alarm is set so as to operate 
when the cable’s internal pressure falls below 12 lb. 
In the central office or repeater station thealarm circuitis 
terminated with a relay whose local contacts operate a 
lamp signal or bell. When the alarm operates, its 
contacts automatically cross the pair to which the gage 
is attached. 

The testboard man takes a loop resistance measure¬ 
ment to the cross and knows immediately what ten- 
mile section is in trouble. He then dispatches a cable 
man to make the readings at the mile points in the 
section in trouble and by the method of plotting pres¬ 
sures he finally locates the trouble. 

Alarm gages are inspected and tested once a month 
to insure their operating in the event of lowering 
pressure. 

Pressure Testing Results. The results of gas pressure 
testing have been very gratifying, both from a mainte¬ 
nance and cost standpoint. The number of troubles 
found by the use of gas varies with the type of plant 
tested, i. e., underground or aerial, new or old cable. 

The rather limited results procured so far show about 
6 per cent of the splices on underground cable to be 
defective. Of this number 3 per cent have been 
attributed to poor tinning of the joint, cracks, and blow 
holes. The other 3 per cent showed porous joints due 
to the use of cold or coarse metal. On new aerial cable 
work, preliminary tests have shown 4 per cent of the 
splices tested were found to leak. 

These figures are averages, and may be exceeded in 
some cases while in others fewer troubles will be found. 
Considering the large number of splices occurring in, 
say, a 100-mi. length of cable, the importance of insur¬ 


ing the integrity of the wiped joints in order to avoid 
potential failures in long toll cables, is readily apparent. 

It is expected that the number of troubles found will 
be materially reduced as the splicing and engineering 
forces are, in some cases, actually able to determine 
what causes the defects. One of the things which have 
been noted so far is that in a great many cases the joint 
at one end of the sleeve is good, and at the other end is 
porous. This is undoubtedly due in most cases to the 
fact that the solder was not sufficiently hot when the 
second joint was wiped. 

It is of interest to note that on a recent underground 
toll cable project, 16 mi. in length, there were 19 
troubles found in the splices and two in the duct line. 
Of the 19 defective joints, 18 occurred in the first five 
miles of cable tested, and only one in the r emaining 
eleven miles. This is, of course, an extreme case, but 
it illustrates the fact that as the men had never before 
had their metal work checked, they were rather negli¬ 
gent in this particular phase of their job. As soon as 
the pressure testing began to reveal these delinquencies 
they took more pains with the wiping, and produced 
better joints. 

Clearing Trouble. Another important advantage of 
the nitrogen gas in maintenance work is the drying 
effect of the gas when admitted in either side of a cable 
fault which is wet. In certain instances, pulling in and 
cutting over a new section of cable has been avoided 
and service restored within three or four hours after 
failure. In these latter cases, the gas was applied and 
the drying out process continued up to the time when 
the rodding and pulling had been completed and the 
sections ready to cut over. 

Drying, under these conditions not only restored 
practically all the telephone service, but materially 
aided the splicers in toning through the defective sec¬ 
tion when cutting over. It is reasonably certain that 
only in those cases where the cable is partially wet can 
it be dried out completely with gas. 

Cases where the cable is thoroughly saturated with 
water will have to be handled in the usual maimer, 
either by replacing the section or by cutting in a short 
section of cable. The gas is, however, found to be 
helpful in many cases in avoiding the replacement of 
cable. 

Aerial Cable Construction 

General. New methods have recently' been developed 
for placing and splicing aerial cable which, it is felt, will 
decrease troubles and lower maintenance costs. Re¬ 
sults have shown that the erection of a pole line ac¬ 
cording to specifications is a comparatively simple 
problem and few. troubles result from faulty construe-, 
tion; but the placing of a suspension strand and cable 
presents a more difficult problem. 

Cause and Theory of. Bowing. The causes of bowing 
n full sized aerial cable supported on 16-M suspension 
strand have been determined. Measures for the pre- 
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vention of bowing have been worked out theoretically 
and have been put into practise in the field with satis¬ 
factory results. • 

Observations locally have coincided with observations 
of other sections in that bows are continually increasing 
and decreasing in size under the influence of daily and 
seasonal temperature variations, thereby causing the 
cable to move up and down in the rings or in and out 
relative to the pole. This motion contributes in some 
measure to ring cuts, chafing of the cable against pole 
attachments, sheath cracks at wipes, and breakage of 
terminal taps. It also sets up varying stresses in the 
cable sheath which change its structure at bowed 
points and eventually cause it to crack. Fig. 7 is a 
typical example of a bow which has developed in a 



Pro. 7 —Typical Bow in a Large Cable 
T his condition will eventually cause a sheath break at the wipe 

large cable near a splice and which will eventually 
cause a sheath crack at the wipe. 

The generally accepted theory of the cause of bowing 
is as follows: 

Due to a difference in the coefficients of expansion 
of suspension strand and cable, the cable expands 
more than the strand under the influence of a rise in 
temperature. The length of strand and cable in any 
span is assumed to be equal at the time the cable is 
spliced. As the temperature rises above the splicing 
temperature, the cable expands faster than the strand 
and, as it cannot move along the line, compression is 
set up within the cable. When this compression 
exceeds the resistance of the cable to bending, the cable 
bows out of line. The amount of compression and 
bowing depends upon the extent to which the tempera¬ 
ture has risen above the splicing temperature. 

Under the influence of a drop in temperature, the 
cable will contract faster than the strand and when the 
temperature falls below that at which the cable was 


spliced, tension is developed in the cable. The tension 
which will develop in the cable at the minimum tem¬ 
perature of the locality depends on the temperature 
at which the cable was spliced. If the cable was 
spliced at a high temperature, the tension developed 
during extremely cold weather may stretch the cable 
permanently to some extent. As a result, when the 
temperature rises again to the original splicing tempera¬ 
ture, the cable instead of being once more free of stress, 
will be under compression and as the temperature rises 
still further, bowing will occur sooner than it would have 
if the cable had not been permanently stretched. 

Construction Methods to Minimize Bowing. As a 
result of studies and field trials of bowing in full sized 
cables supported on 16-M strand, the following con¬ 
struction methods have been recommended for placing 
new aerial cable so as to minimize bowing: 

1. Reduced strand tension. 

The first method for the prevention of bowing in new 
aerial cable is the only one to date which has been in¬ 
cluded in the specifications for aerial cable construction, 
namely, to reduce the initial strand tension from 6400 
lb. (60 deg. fahr.) to 3600 lb. (60 deg. fahr.). The 
theory of this method is that a high initial strand tension 
reduces to a considerable extent the normal (or un¬ 
stressed) elongation or contraction of the strand with 
temperature change. Therefore, if the initial strand 
tension is reduced, the tension existing in the strand 
when the cable is in place will be reduced. This 
decrease in loaded strand tension will permit an in¬ 
creased elongation and contraction of the strand with 
temperature change. As a result, the changes in 
strand length become more nearly equal to the changes 
in cable length, and the tendency for the cable to bow 
is reduced. The initial tension in 16-M strand was not 
reduced below 3600 lb. because of the greater sags 
which would result. Field trials which have been under 
way for several years show that the reduction in strand 
tension mentioned above has practically eliminated all 
bowing in those cases where the cable was spliced 
at a temperature of approximately 40 deg. fahr. or 
above. 

2 . Placing strand at correct tension. 

In order to permit the field forces to string suspension 
strand more easily and more nearly at the correct 
initial tension, an instrument called the “strand dyna¬ 
mometer” has been developed. This instrument may 
be placed on the suspension strand at any point without 
cutting or otherwise injuring the strand and will 
indicate the tension existing in the strand at that point. 
T his instrument consists essentially of a means of 
deflecting the strand out of line and a means of measur¬ 
ing the force tending to restore the strand to a straight 
line. This restoring force is proportional to the tension 
existing in the strand. An indicator dial gives the 
am mint of this restoring force and the actual tension 
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existing in the strand is obtained from a calibration 
curve. 

S. Placing cable so that it is free from waves. 

In order to prevent bowing it is necessary to have the 
cable the same length as the strand when it is first placed 
in the rings. Formerly themethodsusedforplacingcable 
sometimes resulted in a series of small waves develop¬ 
ing in the cable, particularly in that section of the cable 
which is nearest the center of the cable reel. The use 
of the “aerial cable guide and straightener” has elimi¬ 
nated, in large measure, these waves. This tool consists 
of a sheet iron shoe terminating in a steel tube of slightly 
larger diameter than the cable. The cable is pulled 
over this shoe and through the tube before it reaches 
the rings. Any waves which may be in the cable as it 
comes off the reel are thus removed as the cable passes 
over the shoe and through the tube. 
i. Preventing the cable from, being spliced while the 
strand is in a stretched condition. 

Splicing is ordinarily done from platforms which 
support one or two workmen and their equipment. 
This extra weight will-stretch the strand if no measures 
are taken to prevent it. As a result, after the cable is 
spliced and the weight of the splicers and their equip¬ 
ment is removed, the strand will contract and some 
excess cable will remain in that span. This stretching 
of the strand has been prevented by placing a ladder 
alongside the splicing point and tying the strand to the 
ladder before the splicing platform is erected. In this 
way the ladder is used to support a major part of the 
weight of the splicers and their equipment and stretch¬ 
ing of the strand is largely prevented. 

5. Placing tension in the cable. 

At temperatures of 40 deg. and below it has been 
found that the above measures are not sufficient to 
prevent the cable from bowing when the temperature 
subsequently rises to the neighborhood of 100 deg. 
fahr. Accordingly the practise has been developed of 
placing tension directly in the cable before splicing 
and holding it there until the splice is completed. 

An instrument called the “tension splicing tool” 
has been developed for placing tension in cables. This 
tool takes hold of the ends of adjacent reel lengths 
of cable at the splicing point, pulls them together until 
the amount of tension required by the existing tempera¬ 
ture has been set up in the cable, and holds this tension 
in the cable until the splice is completed. 

The effect of this tension is to reduce the amount by 
which the cable would otherwise expand' or contract 
and thereby bring the amount that the cable will ex¬ 
pand under a given temperature rise closer to the 
amount that the strand will expand. In this practise the 
amount of tension placed in the cable varies with- the 
temperature existing at the time the' splice is made. 
For temperatures just under 40 deg. the tension is 
small, but for temperatures as low as 20 deg. below 
zero the tension is about 1500 lb. Where this practise 


has been conscientiously followed, bowing has been 
prevented in cables spliced at temperatures as low as 
5 deg. below zero. 

Removing Bows in Old Cable. Two methods have been 
investigated for removing the bows in cable which has 
been erected and spliced for some time. They are: 

1. Pull the excess length of cable to concentration 
points and cut it out. 

2 . Cut suspension strand at intervals, introduce 
excess strand at these points, and slack off until bows 
disappear. 

Field trials have revealed that bows can be com¬ 
pletely removed by either of the above two methods, 
although the bows removed by Method 1 tend to return 
in a few years while those removed by Method 2 have 
not returned in the same length of time. 

Where the bows are removed by cutting out the 
excess cable length, some tension remains in the cable 
after being pulled to the concentration points but the 
strand tension is not materially reduced. Therefore, 
during hot weather, the tension in the cable tends to 
reduce the bowing while the high initial strand tension 
tends to promote it. Consequently the results obtained 
in this manner are not as successful as the results ob¬ 
tained by slacking off the suspension strand at various 
intervals, which method places the cable in tension and 
reduces the strand tension simultaneously. 

Another advantage of Method 2 over Method 1- is 
that slacking off the strand does not require that the 
working cable be opened, whereas in pulling the slack 
out of the cable it must be cut to remove the excess 
length. Since the comparative costs of the two 
methods are approximately the same, slacking off the 
strand appears to be superior to cutting excess length 
out of the cable, as a method for removing bows from 
cables supported on 16-M strand. Cutting the excess 
length out of bowed cables has its application to those 
cases where the strand tension is low, the cable is badly 
bowed, and the existing clearance above ground is such 
that no material increases in sag can be permitted. 

The danger encountered in removing bows by slacking 
off the strand is that the tension introduced into the 
old, badly bowed cable may cause sheath breaks.. 

Analysis of results from a small number of cables 
indicated that where the cable was hot more than four 
years old there was little danger of causing sheath 
cracks by slacking off the strand. On cable which 
was about eight years old when bows were removed, a 
number of sheath cracks was caused by the resulting 
tension. An analysis of the sheath cracks caused by 
tension compared to those which were caused by bowing 
in another section of the same cable, showed that the 
sheath breaks caused by tension started at ahigh rate, 
but have decreased rapidly in each year since that time. 
The sheath breaks due to bowing started at a-lower 
rate but have been increasing subsequently. The total 
number of sheath breaks caused by tension during a 
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three year period was equal to the number caused by 
bowing during the same period, but it appeared that 
from then on sheath breaks due to tension would be 
considerably less than those due to bowing. 

Therefore, in determining whether or not the bows 
should be removed in a certain cable, it becomes neces¬ 
sary to consider its age and to estimate the length of 
time that it will remain in service. Where cables are 
expected to remain in service for a considerable period 
of time, it is undoubtedly economical to remove the 
bows, but on cables where the remaining life is limited, 
an investigation is necessary to determine whether the 
expenditure involved in removing the bows is justified 
by the saving due to an eventual decrease in the number 
of sheath breaks. 

The application of these methods has been investi- 



Fig. 8—Bowing in a Comparatively New Cable 

This, cable was spliced lying loose in the rings and, undoubtedly, tension 
would have reduced the bowing considerably. 

gated most thoroughly on cable supported by 16-M 
strand, and it seems that no difficulties should be en¬ 
countered in applying these same methods for removing 
bows to cables supported with 10-M and 6-M strand 
and the same success should be attained. 

Bowing in Small Cables. Up to the present time, the 
only results published on the prevention of bowing in 
aerial cable have been methods which are recommended 
only for full sized cables supported on 16-M strand. 
In the plant of the Cincinnati and Suburban Bell 
Telephone Co. the percentage of cables supported on 
16-M strand is small compared to the percentage sup¬ 
ported on 6-M strand and, therefore, it has been felt 
that measures should be taken to prevent bowing of the 
smaller cables. 
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The methods used in attempting to prevent bowing in 
the smaller cables supported on 6-M strand would 
necessarily be similar to those used on full size cable 
supported on 16-M strand. 

Applying the theory of reduced initial strand tension 
to 6-M strand, it can be logically deduced that the 
benefits derived from this method would not be nearly 
as great when applied to the smaller strands as when 
applied to the 16-M strand. The coefficients of expan¬ 
sion of the 6-M, 10-M, and 16-M strands are practically 
the same, and inasmuch as the specification initial 
strand tension of 6-M strand is approximately 1100 
lb. (span—130 ft.; 60 deg. fahr.), reducing this initial 
tension might not materially affect the change in length 
of the strand with temperature. 

Therefore, applying tension to the cable before splic¬ 
ing has been resorted to since 1920 with reasonable 
success. Inasmuch as there was no precedent as to the 
amount of the tension which should be applied to- the 
cables, no specific instructions were issued to the con¬ 
struction forces. Since then, the judgment of experi¬ 
enced foremen has been depended upon and as yet no 
troubles have ever developed due to an excess of tension 
in the cables. Another point to be noted is that tension 
is being applied at all temperatures. The method that 
is being used to apply tension to the cable, is as follows: 
The cable is pulled from both ends by means of blocks 
and tackle and clamped at the ends to the suspension 
strand by means of grade clamps. After splicing, these 
grade clamps are removed. To place tension in a 
cable which pulls around a corner, the cable is blocked 
out from the pole before applying tension. After the 
cable is in tension, it is clamped to the strand on each 
side of the pole by means of grade clamps and the blocks 
are then removed, thus holding it away from the pole. 
These grade clamps are never removed. 

The trouble encountered due to the exchange cables 
being in tension, is the difficulty of working in a tight 
cable when necessary to open it for various purposes. 
As data become available regarding the minimum 
tensions which can be applied to the cables and still 
minimize bowing, this trouble will lessen, since 
it is a certainty that more tension is now being 
applied to some of the cables than is necessary. How¬ 
ever, after eight years’ experience our local supervisors 
are convinced that the additional difficulty of working 
in a tight cable is more than compensated by results 
obtained in the elimination of bowing. However, the 
difficulty of working in a tight cable when necessary to 
open it for various purposes may be overcome by the 
use of the tension splicing tool. This tool may be ap¬ 
plied at any point where it is desired to open the cable 
and after the sheath is stripped off, the conductors may 
be ballooned to any extent desired by operating the 
tension splicing tool. Fig. 8 is a typical example of a 
comparatively new cable which was spliced lying loose 
in the rings. Probably a small amount of tension would 
have reduced the bowing considerably. Fig. 9 illus- 
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trates a badly bowed section of cable, the bowing of 
which can be partly attributed to construction methods. 
If tension in the cable is undesirable, the construction 
forces should at least be required to pull all of the 
kinks out of the cable when placing it. 

Experimental Results. Various other problems and 
questions have arisen in regard to observations on 
placing tension in the smaller cables. In order to find 
answers to these questions and to verify theories 



j> 1<3> 9 —Excessive Bowing Partly Caused by Poor 
Construction 

The small bows and kinks caused by unreeling the cable were not re- 
moved before splicing 

regarding the field observations, experimental spans 
were erected using 50-pair 22-gage cable and 100-pair 
22-gage cable supported with 6-M strand. The physical 
data-regarding these cables are: 


TYPE B S A (22 ga) 



Mean outside 

Sheath thickness 

Lb. per 

Pairs 

diameter (inches) 

(inches) 

ft. 

51 

0.73 

0.070 

0.95 

101 

0.99 

0.080 

1.58 


stress in the cable. These results indicate that the 
additional tension placed in the suspension strand, 
between the clamp and the pole, is negligible. 

The effect of the tension in the cable is to reduce the 
sag. This reduction in sag depends on the tension 
applied and the span. The sag in a 140-ft. span carry¬ 
ing a 100-pair 22-gage cable was decreased 3 14 in. when 
a tension of 750 lb. was applied. 

The sag in a 140-ft. span carrying a 50-pair 22-gage 
cable was reduced 1% in. when 300-lb. tension was 
placed in the cable. 

In any size of cable, elongation is directly propor¬ 
tional to the stress applied within certain limits only. 
For full sized cable this limit has been set at about 3000 
lb. In the smaller cables, there is a tendency for the 
sheath to slip over the copper when tension is applied 
at the ends of the cable by means of wire grips. The 100- 
pair 22-gage cable had a sheath slip of 3/8 in. when 500- 
lb. tension was applied and a 3%-in. sheath slip at a 
750-lb. tension. Therefore, in attempting to regulate 
the tension which should be applied to the cable, by 
means of the stretch, the sheath slip must be eliminated. 
The discrepancy which enters the measurement of the 
total stretch due to the sheath slipping over the copper 
is small at tensions below 500 lb. and can be entirely 
eliminated by cutting away the sheath at the end and 
applying tension by pulling on the copper only. 

The slipping of - the sheath over the copper is practi¬ 
cally confined to the final 10 ft. of the pulling end of the 
cable and the weakening effect caused by the cable 
sheath thinning out is negligible at tensions below 500 
lb. 

In loca ting points of maximum elongation due to the 
tension applied, it was noted that the sheath slippage is 
practically confined to the five or six feet of cable on 


The suspension strands were erected using the speci¬ 
fication initial strand tension of 1100 lb. (span.—130 
ft, 60 deg. fahr.) and all tensions were obtained by 
means of a deflection dynamometer. The problems to 
which solutions were sought were: 

1. Is the total tension applied to the cable trans¬ 
ferred to ; the strand at the grade clamps, thereby in¬ 
creasing the strand tension? 

2. Effect of cable tension on the sag. 

3. Proportionality of the cable elongation to the 
applied tension. 

4. Eff ect of the slip of the sheath over the copper 
when tension is applied. 

5. Permanent set. 

To deter min e the increase in the strand tension 
caused by clamping a cable which is in tension, to the 
strand at comer poles, tensions were taken with the 
cable inert and with the cable in tension. The tensions 
applied to the cables varied from 300 to 750 lb. and in 
no case were the strand tensions increased by more than 
150 lb. The strand tensions on each side of the grade 
clamp differed approximately by the amount of the 


each side of the poles. 

The immediate permanent set of the 100-pair cable 
at 500 lb. tension was negligible but at 750 lb. was 
1 y s in. in a total length of 260 ft. The 50-pair cable 
showed no immediate permanent set at a 300-lb. ten¬ 
sion. The measurement of permanent set in a 100-pair 
cable of considerable length suspended on strand is 
liable to considerable error for the following reasons. 
When the cable is pulled certain portions of it move 
toward the point from which the pull is made and fric¬ 
tion in the rings may prevent this cable from going all 
the way back to its original position when the pull is 
released. On full sized cable a 1500-lb. pull placed on a 
750-ft. length of cable will cause the cable to come in 
toward the pulling point about six in. and when this 
pull is released the cable goes back only about three 
inches. This remaining three inches is partly due to 
the fact that the cable has been pulled closer to the 
rings at poles and closer to the pole at comers, and 
partly due to the fact that some tension still remains in 
the cable because contraction of the cable is resisted 
by ring friction. This tension contributes to the 
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remaining three inches by the amount of elongation 
and the decrease in sag due to that tension. 

The general conclusion to be drawn from these data is 
that no physical harm whatever is done to the smaller 
cables when a tension of 500 lb. or less is applied, and 
inasmuch as local experience has proved that applying 
tension to the smaller cables minimizes bowing, it 
seems that this practise should be more generally 
followed. 

Long Span Construction 

General. A ‘long span” in telephone plant refers 
to a considerably shorter span than in some other types 
of construction. This is due to the fact that telephone 
line long spans differ from others such as power con¬ 
ductors, in that the power wires support their own 
weight while a telephone cable cannot. Power con¬ 
ductors in such installations are, as a rule, essentially 
a copper covered steel strand, uninsulated, while tele¬ 
phone cable is formed of a number of small copper 
wires, each wire being covered with paper insulation 
and the whole assembly of wires enclosed in a lead- 
antimony sheath. This combination of numerous small 
wires and soft sheath naturally causes the entire cable 
to possess low tensile strength. Thus, while a power 
conductor may be suspended from steel towers and 
carry its own weight over long spans, in the case of 
telephone cable a means of support must be found, 
outside of the cable itself. 

This problem is solved by using long span con¬ 
struction which may take either of two forms: first, 
the catenary type where suspension guy relieves the 
cable and its messenger strand of a great part of the 
load. The suspension guy is attached to the crossing 
poles on each side of the span and then pulled up until 
the sag is correct as determined from tables prepared 
for different spans and cable loadings. The theory 
of the loaded catenary is not new but its application 
to the telephone plant is of recent development. The 
second type of long span construction is simply an 
elongated form of the usual span wherein a high strength 
steel messenger strand is used to support the cable 
which is attached directly to it. 

Economic considerations are largely the determining 
factor in deciding the length of span which can be 
justified in a given case. Catenary construction is 
used in our long toll cable plant largely as a matter of 
convenience and as a means of carrying the cable 
suspension strand across streams or other barriers 
continuously without dead-ending it. On the other 
hand, a long span was built about a year ago and more 
are projected where the length of the span is in excess 
of 1000 ft. and in which the cable suspension strand 
alone carries the entire stress and no catenary con¬ 
struction is used. These particular long span crossings 
are cable spans inserted in open wire lines at river 
crossings and the cable terminates at the crossing poles. 

Construction of Catenary Spans. After the suspension 
guy (upper strand) is in place, the messenger is ex¬ 


tended across the span and fastened to a point on each 
crossing pole a normal distance above the ground, the 
same as on the other poles back from the crossing. The 
messenger is then attached to the suspension guy at the 
midpoint by three-bolt clamps and at the quarter 
points, sixth points, or eighth points, according to the 
length of span, by hangers of the proper length to make 
the messenger extend in an approximate straight line 
across the span, these lengths being given in the tables 
referred to previously. The rings are then placed 
on the messenger and the cable pulled through the 
rings to complete the crossing. 

While the curve of the suspension guy is a true 
catenary before the load in the form of the cable is 
applied, after loading at a number of points-it assumes 
very nearly the shape of a parabola, modified by the fact 
that the load is applied to the suspension guy as a series 
of concentrated loads through the hangers. It ap¬ 
proximates a parabola closely enough to make the use 
of the general span formula for parabolas allowable 


in making up the tables. 


wP 

This formula is: d = 


where d = sag in feet; w = resultant force in pounds per 
foot due to the combined weight of cable, messenger, 
suspension strand plus the maximum ice formation 
thereon acting in a vertical direction, and the wind 
pressure acting in a horizontal direction: l — length 
of span in feet; and t = allowable tension in pounds in 
suspension strand. This formula is for a parabolic 
curve, which assumption is very nearly true. The 
tables are also calculated to allow for the work being 
done at various temperatures, and the proper sag is 
given for each of those assumed. 

Limits. The length of cable span which can be 
permitted without special construction depends upon 
several factors, of which the size of cable, length of 
span, size of suspension strand, and unbalanced loads 
on the pole at the end of the long span are to be con¬ 
sidered. From the standpoint of strength of suspension 
strand, it is permissible to use spans as long as 200 ft. 
without special construction in the case of full size 
cable carried on 16-M strand installed at an initial 
tension of about 3600 pounds. For long span crossings 
of full size cables much over 600 ft. in length special 
consideration may be required such as larger size 
strand, possibly steel towers, etc. Spans of practically 
any length can be constructed if the economics of the 
situation indicate that it would he desirable. 

Advantages. Long span construction, under certain 
conditions, has distinct advantages, especially where 
there is some extensive obstacle to clear, as a river, or 
a deep, narrow valley. 

The simpler type of long span involving the high 
strength messenger with the cable attached directly to 
it has several advantages over the catenary type. 
Theoretical considerations appear to indicate that a 
long span without the catenary pick-ups would result 
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in less buckling of the cable than a span with pick-ups. 
The simpler type of long span crossing also permits 
construction with somewhat smaller sags. As a matter 
of fact, with the same total number of steel strands used 
slightly smaller sags could be obtained by hanging the 
strand and cable in one long span supported only at the 
ends than if catenary construction were used. This is 
for the reason that the cable suspension strand itself 
will carry a greater proportion of the weight of the 
cable in a long span. 

In this discussion we have been dealing with spans 
where the crossing poles have been approximately at the 



Fjg. 10—Hanger Details 
Showing horizontal position of cable at pick-up points 


same level. Where this is not the case, certain obvious 
differences will occur, but the principle is the same 
throughout. 

Long span construction—typical projects; Cleves—Eliza¬ 
bethtown cable at Lost Bridge. 

The Cleves-Elizabethtown section of the Cincinnati- 
Lawrenceburg toll cable crosses the Great Miami River 
at Lost Bridge by a series of spans, each of which is a 
complete catenary in itself. The total length of the 
crossing is 759 ft., but this has been divided into three 
shorter spans of 253 ft. each, corresponding to the num¬ 
ber of truss systems forming the bridge itself. 

While plans for the construction of the cable crossing 
were under way, it was observed that vehicular traffic 
on the bridge set up severe vibration in the structure, 
and it was agreed that if the proposed cable were at¬ 
tached to the bridge itself, or allowed to *• me in contact 
with it in any manner such that this ex pive vibration 
might be imparted to the cable itself it was likely that 
serious damage might be done to it- sheath and insu¬ 
lation from abrasion. The problem was how to make 
use of the advantages afforded by the bridge crossing 
at this point, and still protect the cable from injury. 
A plan was finally worked out whereby it would be 
supported at two intermediate points of the crossing, 
these supports to be steel towers approximately 12 ft. 
high and 6 ft. wide at the base, formed of angle irons 
bolted together, and each tower resting on a pier of the 
bridge and bolted securely to the concrete,—the inner 
side of each tower being about one foot from the outer 
part of the bridge truss. During construction great 
care was taken to put the crossing poles on either shore 
accurately in line with these two towers, so that the 
cable would maintain an equal distance from the bridge 


at all points of the span, for if the end poles were out of 
line toward the structure, the wind blowing down the 
river might cause the cable to swing against the truss 
midway of the end spans, and this frequent bumping 
and rubbing would severely damage the soft armor of 
the cable in a short time. (Fig. 11.) 

As the completed crossing now stands, it is a senes of 
three catenary spans, the cable leaving the southeast 
shore from a fiber duct about four feet below ground 
line at the bridge abutment, extending to the tower 
on the first pier, thence to the tower on the second pier, 
and from there to a similar fiber duct on the northwest 
shore, the only contact with the bridge being through 
the piers, which will transmit little, if any, vibration 
from the bridge to the towers. 

The 6000-lb. messenger strand supporting the cable 
is secured on each end to an eye-bolt passing through 
the 18-in. abutment wall, which is prevented from pull¬ 
ing through by a 3-in. channel 12 in. long acting as a 
washer. The 16,000-lb. suspension guy, which supports 
the messenger and cable and is secured to the towers 



Fig. 11—River Crossing at Lost Bridge 

about one foot from their tops, is dead-ended at each 
shore on a wood pole directly adjacent to the abutment 
wall and securely fixed in place by a concrete toe-block 
6 ft. below the surface of the ground. The upper end of 
each pole is secured by two guy strands running to a 
log anchor firmly set in the ground. The fiber ducts 
carrying the cable pass as close as possible beside the 
foot of the crossing pole on each shore, to maintain the 
cable alinement. 

The messenger strand is clamped to the suspension 
guy at the midpoint of each span, and also secure to it 
at the quarter points by hangers, thus reducing the 
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greatest actual span of the cable between any two 
supporting points to 63 ft. 6 in. By this means, very 
little sag is produced in the cable. 

It should be noted here that this project resulted in 
breaking up a very long span into three shorter spans, 
each of which forms a complete catenary in itself. 

However, the effect of breaking up a cable into shorter 
spans between suspension points is conducive to buck¬ 
ling rather than tending to reduce it, and it would be 
better from a buckling standpoint if longer spans be¬ 
tween pick-up points were used. 

Cable over Licking River at Falmouth, Kentucky. 
The cable crossing over the Licking River at Falmouth, 
Kentucky, is a good example of catenary construction 
which must extend across a long span without any inter¬ 
mediate supports whereby the length might be short¬ 
ened. It was found necessary to cross the Licking at 
this point with a 50-pair 19-gage cable, and due to the 
low, marshy nature of the ground on the north shore, 
it was decided to set the north crossing pole back from 
the river a distance nearly one and one-half times the 
width of the river itself, thus obtaining for the pole a 
position out of reach of high water and affording an 
elevation for the cable approximately the same as that 
on the other poles back from the river. The south 
bank has a more abrupt slope, and it was only necessary 
to place the crossing pole back about 100 ft. in this 
case to obtain the desired elevation. 

In this manner local conditions caused a span of over 
600 ft. to be built over a stream normally only about 
200 ft. wide. This, of course, required long span 
construction. 

The two crossing poles are Class “A” Cedars 45 ft. 
long, the suspension guys two 16,000 lb. strands, and 
the messenger a 6000 lb. strand. The messenger and 
cable are attached to the suspension guys at the sixth 
points by standard hangers and by three-bolt clamps 
at the midpoint of the span. 

Before the span was built, a mathematical analysis 
was made of the problem in order to determine the sag 
of the suspension guys after the load was applied. The 
basic formula used was the one previously referred to, 

, . wP 

namely a = -g—. An extract of the development 

showing the significant steps follows: 

Material Loads. 


Material Weight per foot 


Two 10,000-lb. guys. 0.88 lb. 

One 6000-lb, messenger. 0.22 lb. 

50-pair—19-gage cable. 1.50 lb. 

Hangers and rings (approx.). 0.25 lb. 


Ice Loads . 

Y in. radial deposit assumed. 
No shielding effect considered. 


1— 6000-lb.messenger. 0.23 lb. 

2— 16,000-lb. guys.:. 1.16 lb. 

I—50-pr.—19-gage cable. 0.91 lb. 


Total ice load per ft. of span. 2.301b. 


Wind Loads 

Wind loads figured at 8 lb. per foot of projected area 
of span with Yi in. radial deposit of sleet covering same. 


1— 6000-lb. messenger. 0,86 lb. 

2— 16,000-lb. guys. 1.92 lb. 

1—50-pair—19-gage cable. 1.29. lb. 


Total wind pressure per ft. of span 4.07 lb. 

Resultant force — 6.56 lb. per ft. of span. 

Formula 
w P 

d = -gj- Where: 


t = Tension. 16,0001b. 

w = Force per ft. of span.. . 6.56 lb. 1 ft. 

I = Length of span. 621 ft.—Oin. 

D - Sag. ? 


With two 16,000-lb. strands supporting the entire load 



Fig. 12—Typical Long Span Rlvkjr Crossing 
E mploying til© use of catenary suspension guys supported by steel tower 

with a factor of safety of two, the allowable tension 

. .. . 2 X 16,000 

ra the catenary becomes -—- = 16,000 lb. = t. 

d = 19.8 ft.—Sag under application of full storm load, 
(cable, strands, ice, and wind). 


Total material load per ft. of span. 2 851b. 
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Steel Tower Construction. On a recently constructed 
toll cable line, it was necessary to cross a navigable 
stream with a long span. This span, which is a good 
example of steel tower-supported long span construc¬ 
tion as shown in Fig. 12, is 623 ft. in length, and the 
ultimate load on the towers will be very heavy, as it 
is planned to install eventually one “full size” cable, 
weighing 7.85 lb. per lineal foot and two “over size” 
cables, each weighing approximately 11 lb. per lineal 
foot. The design of the long span for the first cable, 
which is full size cable already in place, is such as to 
place an unbalanced load on the tower of about 26,500. 
lb. under maximum assumed storm loading, and with 
all cable in place this load will increase to 107,000 lb. 
under full storm loading. Storm loading of }4-in. 
radial coating of ice, wind amounting to 8 lb. per square 
foot of projected area, and a temperature of 0 deg. fahr. 
were assumed in the design. 

To withstand this heavy load, and still give the 
clearance over the river required by the Government, 
it was necessary to abandon the use of wood poles, 
customary for catenary construction over shorter spans 
and with lighter loads, and erect a large steel tower at 
each end of the proposed crossing. These towers are 
85 ft. high by 30 ft. square, and each rests on four 5-ft. 
concrete piers. The ends of the suspension strands 
are attached 5 ft. below the top, and the messenger 
strand is secured 29 ft. below. 

There are 7 pick-up points in the span, making the 
maximum unsupported span 78 ft. 

Conclusion 

Eliminating service interruptions with their resultant 
inconvenience to subscribers, embarrassment of busi¬ 
ness, loss of revenue, etc., due to cable failures, justifies 
far reaching measures. 

It is felt that definite progress has been made towards 
building cable plant whose sheath continuity will be 


undisturbed except from extraneous influences. Fur¬ 
ther advances can probably be realized by utilizing the 
ideas presented. 

The outstanding features of these methods have been 
shown to be arrangements for determining the location 
of sheath breaks before complete failure, minimizing 
sheath movement through the rings, and new construc¬ 
tion methods for long span crossings. 


Discussion 

C. A. Jaques: I want to ask Mr. Wagner whether they have 
taken into consideration the possibility of damage to the lead 
sheath from the 40-lb. internal pressure, and if so, whether care 
is taken as to the outside diameter of the sheath, or the alloy 
sheath, or the thickness of the sheath. 

E. B. Shand: I should like to ask one question. In bringing 
up the cables is it necessary to bring them through insulated gas¬ 
proof joints? 

B. S. Warner: Forty-pounds pressure, as the maximum 
internal pressure, has been carefully determined. The lead- 
antimony alloy sheath that is used on the cable will safely stand 
pressures below 50 lb. Due to the movement of the cable with 
temperature variation, and due to movement in handling- 
even after the cable is in service, of course, either under ground or 
aerial, it is necessary that it be handled—incipient cracks may 
be developed inside which will oventually cause trouble with 
pressure over 50 lb.; so that 40 lb. ingress pressure has been 
determined to be the maximum safe pressure. 

Answering the second question, the wires are brought out into 
a special terminal which has a pressure-tight cover, so that the 
entire device is pressure-tight. There are no plugs made, 
either in the main cable or in the lateral cables, which serve to 
stub out the wires. The entire arrangement of the alarm device 
is in a pressure-tight chamber at the present time. 

It has been found that it is very difficult to place any kind 
of a plug in either a main cable or a lateral which will hold its 
gas. You can pour in hot beeswax or hot paraffin or anything 
of that sort, and it will plug for some hours, but the difference 
in the expansion of the copper and the besswax or paraffin, 
finally pauses a crack between the sheath and whatever is inside 
of it; so that it has been very difficult to get a dam that would 
really hold the gas. 



Lighting of Airways and Airports 

BY H. E. MAHAN* 

A ssociate, A. I. E. E. 


Synopsis . The Department of Commerce under the Air 
Commerce Act is responsible for the installation, operation, and 
maintenance of the national airways. The lighting facilities along 
the airways consist of revolving beacons at 10-mi. intervals and 
intermediate landing fields approximately every SO mi At the 
intermediate landing fields, in addition to the revolving beacon 
there are provided an illuminated wind cone, boundary, approach 
and obstruction lights. The Department of Commerce is also 
responsible for the rating of airports, although their establishment 
maintenance, and operation are matters of municipal or private 
concern. The rating of an airport is a measure of the facilities 
available. A preferred rating for lighting facilities requires the 
installation of an airport beacon to locate, the airport from distant 
points, an illuminated wind direction indicator, white or yellow 
lights marking the boundary of the landing area, red lights on 
all obstructions, green range lights marking approaches, flood¬ 
lighted hangars or other buildings as a measure of altitude and 
to illuminate identifying markings, a searchlight for measuring 


ceiling height and suitable floodlighting for the landing area. 

In view of the regulating authority vested in the Department of 
Commerce, the practise in lighting airways and airports follows very 
. closely established standards. The floodlighting of the landing area 
proper offers the greatest opportunity for original thought and ideas. 
There have developed two schools of opinion regarding the funda¬ 
mentals of field floodlighting systems. One school favors the use of a 
single unit or a group of units at one location for floodlighting the 
field, whiph system is referred to as the centralized system . The 

opposing school, advocating two or more light sources placed at 
different locations about the field, is known as the distributed system . 
Both systems have in common the use of lighting units delivering a 
fan shaped beam of light only a few degrees wide in the vertical 
plane and varying from 45 deg . to 180 deg . in the horizontal plane. 

The present lighting facilities are found very satisfactory during 
fair weather but the problem of aiding the flier during fog still faces 
the engineer and research scientist as a problem. 

* * * * * 


L 


fimi QY __a & 


Brothers at Kitty Hawk, N. C. Today the 
Department of Commerce reports that there are 15,128 
miles of airways operating and 1330 established air¬ 
ports in the country exclusive of Army and Navy 
fields. Of this number 9341 miles of airways, 274 
intermediate fields, and 74 other types of fields are 
hghted for night flying. By July 1,1929, it is expected 
to have 11,270 miles of lighted airways. This is truly 
a remarkable record of progress and a glance at the 
map (Fig. 1) indicates the present scope of organized 
air transportation. 

Obviously, if such facilities are to be operated at the 
maximum of efficiency, the service must be continued 
throughout the twenty-four hours of the day, for it is 
the distance covered between the end of one business 
day and the beginning of the next one that gives air 
travel its greatest advantage over other forms of 
transportation. In other words, the movement of 
material and passengers during the night conserves 
daylight working hours, and the greater the distance 
that may be covered in this period, the greater the 
benefit realized. Thus arises the problem of providing 


taon and communication system for transmission'of 
information pertaining to the operation of aircraft. 
The term ‘airway' may apply to an air-route for either 
land planes, sea planes, or both.” Under the Air 
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Fig. 1 Aibway Map of the United States Showing Routes 
Lighted and to be Lighted 


oenent realized. I nus arises the problem of providing -- airway under mail contract 
adequate lightingthat will permit after-dark operations ! airwav under mau. contract but not yet operating 
at our airports and along our airways The author ^^^ V °i™ MA ' L<WNTRACTSABeADveRT,SEDO " 

advances no original ideas for the solution of this -—— - 

problem but merely outlines the practise followed at 
the present time in lighting and marking airports 
and airways for night flying. 

a • . . - AlR 7 AYS Commerce Act of 1926, the Secretary of Commerce ha« 

- Anairwa y 18 defined b y the Department of Commerce authority to establish and maintain civil airways; oper- 
1 . .Illuminating Engineer, General Electric Co., Schenectady Rte and ma hltain intermediate landing fields, lights 
J' ’ s 1 ® 03 *! and radio direction finding apparatus; and other 

Presented at the Regional Meeting of the Middle Eastern District Structures and facilities (excepting airports) used a* 

^A.,.v.K.C aids to navigation. In (ullillment ofXs obCtio” 

849 


29-62 





850 


MAHAN: LIGHTING OF AIRWAYS AND AIRPORTS 


Transactions A. I. B. E. 


no landing field and a yellow lens at intermediate land¬ 
ing fields. Intermediate fields are established at 
intervals of approximately 30 mi. and are equipped with 
a beacon, illuminated wind cone, boundary, approach, 
and obstruction lights. 

Airports 

The Department of Commerce requires that an air¬ 
port in order to obtain the highest (A) rating for its 
lighting facilities, must have the following equipment: 

(a) An airport beacon 

(b) An illuminated wind-direction indicator 

(c) Boundary lights 

(d) Obstruction lights 

(e) Hangar floodlights 

(f) A ceiling projector 

(g) Landing area floodlighting system. 

Items (a) to (d) inclusive must operate all night. 

The function of the beacon is to mark the airport 
from distant points. In order to accomplish this 
purpose effectively, a light must be sufficiently distinc¬ 
tive to contrast with surrounding lights; it must have 
a distribution which makes it visible at all points on the 
horizon and nearly to the zenith, and be of sufficient 
beam cp. to carry great distances. A 24-in. revolving 


beacon (Fig. 3) consists of a searchlight having a 24-in. 
diameter parabolic mirror and a 1000-watt, 115-volt 
incandescent lamp. It is revolved at 6 rev. per min. 
by means of a 1/6-hp. motor and gearing mounted in 
the base of the searchlight. Many of these beacons 
operate in inaccessible places and are without regular 
attendants. As a safeguard against outages, an auto¬ 
matic lamp changer is employed for replacing a burned 
out lamp with one held in reserve. A series coil in the 
lamp changer holds open contact points on normal 
operation. Upon the failure of the lamp these contact 
points close, permitting current to flow in a shunt coil 
the solenoid of which trips a latch swinging the spare 
lamp into focus. 

Power is supplied for airway beacons from commercial 
circuits where available; otherwise a 2-kw. gasoline Fig. 3—Airport Beacon Conforming to Department op 
driven generator is provided. The beacon is supple- Commerce Specifications 

mented by two “course” lights consisting of 14-in. 

projectors equipped with a 500-watt, G-40, 110-volt beacon designed according to government specifica- 
lamp and giving about a 15 deg. beam spread. One turns is shown in Fig. 3- The essential details of this 
of these course lights faces in each direction along the beacon have been referred to under the subject of 
airway. They are flashed by a mechanism integral Airways. Any change in the distribution of light 
with the beacon mechanism and synchronized with the away from a symmetrical beam may be obtained by 
rotation of the beacon so that the course light opposite means of diverging lenses which refract the light to the 
to the direction of the beacon is flashed. The flashes desired beam form. 

indicate in code the number of the beacon which in turn Beacons at airports are generally located either on a 
indicates to the pilot his position on the course. These steel tower similar in construction to the tower used on 
•course lights are equipped with a red lens where there is the airways or else on a platform on the roof of a hangar 



the Department of Commerce has established along 
the airways, beacon lights at 10-mi. intervals and 
emergency landing fields at 30-mi. intervals. 

It is desirable to mount the beacons at sufficient 
elevation to obtain the desired range of visibility and 
avoid obstructions. A steel tower (Fig. 2) approxi¬ 
mately 50 ft. high usually meets requirements. The 



Fig. 2—Airway Beacon and Tower 
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or other building. In any event, it is desirable to 
elevate the beacon to a height sufficient for the beam 
to clear surrounding obstacles and not become a 
nuisance to the neighborhood. 

There are two types of lamps available for use in the 
beacon, differing in electrical and mechanical charac¬ 
teristics. Both lamps are of 1000-watt capacity, one 
operating at 115 volts, the other at 30 volts. The 
latter lamp having a more concentrated filament and 
operating at a higher temperature, obviously is more 
appropriate for use with a parabolic mirror and delivers 
a more definite and intense beam. Both filaments are 
in a T-20 bulb with a light center of 4*4 in. and a rated 
life of 500 hr. The beam candlepower with the 30-volt, 
high-current lamp is approximately 5,000,000; with 
the 115-volt lamp approximately 2,000,000. In order 
to carry out the policy of indicating the landing con¬ 
ditions at beacons along the National Airway System, 
it is recommended by the Department of Commerce 
that a green flashing auxiliary beacon be placed above 



Fig. 4—Wind Conk Mounted on Roof of Hangar Showing 
Method of Lighting 

the principal beacon to indicate that there is an airport 
at that location. 

It is very essential that the pilot wishing to land be 
apprised of wind conditions on the field. The wind 
cone is perhaps the most generally used device for 
giving this information as it not only indicates the direc¬ 
tion of the wind but also an approximate idea of its 
velocity. A method of lighting a wind cone (Fig. 4) 
consists of four 100-watt lamps in deep bowl porcelain 
enameled steel reflectors grouped at right angles to 
each other on two foot arms approximately 6 ft. above 


the wind cone. An obstruction light is placed on the 
top of the assembly. It is customary to operate these 
lights either from the commercial service in the building 
or from the boundary light circuit. Another type of 
wind indicator (Fig. 5) is known as a wind tee and con¬ 
sists of a structure simulating an airplane and pivoted 
to change position with change of wind direction. It 
is illuminated at night by means of lamps placed on top 
of the tee and provided with a reflector so as to throw 


t 



Fig. 5—Wind Tee 

A wind direction indicating device illuminated* by means of reflectorod 
lamps on top of tee 

the light on the structure and shield the direct light 
from the eyes of the pilot. 

The extent of the field is made known to the pilot 
by means, of light sources placed around the border of 
the landing area on approximately 300-ft. centers. A 
type of unit used for this service (Fig. 6) consists of a 
weather-proof housing and etched clear globe enclosing 
a 600-lumen (60 ep.) 6.6-ampere series lamp ora25-watt 
multiple lamp. Owing to the length of run necessary 
to mark the boundary of the average airport, it has been 
found in most cases more economical to adopt the series 
system of distribution. In this system a 6.6-ampere 
series circuit regulated by a constant current trans¬ 
former is distributed by means of parkway cable 
buried in the earth. The boundary fitting is mounted 
on a pipe and planted in the ground, the parkway cable 
being brought up through the pipe to the lamp socket. 
A film or disk cutout is provided in the socket to main¬ 
tain the continuity of the circuit in the event of lamp, 
failure. A recent suggestion qf the Department of 
Commerce recommends that boundary lights surmount 
a cone three feet in diameter and three feet high, 
painted in alternate bands of chrome yellow and white, 
separated by a narrow black band. 

A green globe is substituted for the clear etched 
globe used on boundary fittings to serve as range lights 
for runways or as markers for the most advantageous 
landing directions. Obstructions on or in the vicinity 
of the airport are marked with red lights placed at the 
highest point of the structure. It is also the practise 
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at some airports to make obstructions visible to the 
pilot by floodlighting them. This is found particularly 
advisable in connection with the hangars, for in addition 
to making the buildings visible, it makes evident their 
height and in this way gives the pilot a measure of his 
altitude. Such a system of lighting also provides 



Fig. 6—A Form of Boundary Light Equipped with 600- 
Lumen 6.6-Ampbre Series Incandescent Lamp 



Pio. 7—A 14-in. Incandescent Searchlight Equipped 
with a 500-Watt T-20 Mazda Lamp and Used for Determin¬ 
ing Ceiling Height 

illumination at the aprons of the hangar for the move¬ 
ment of planes and illuminates any signs or markings 
on the roof of the hangar. The illumination intensity 
recommended for hangar exteriors by the Department 
of Commerce is 2.5 foot-candles. 


A beam of light has been found useful in determining 
the height of ceiling. An incandescent searchlight 
(Fig.. 7) equipped with a 500-watt, 110-volt, T-20 
projection lamp may be used for this purpose. The 
beam is directed on the clouds at a fixed angle and by 
Righting at the spot on the clouds from another point 
the height of ceiling is determined by triangulation. 

Whereas the lighting facilities previously referred to 
follow rather definite regulations established by the 
Department of Commerce, a wider range of choice is 
left to the engineer in selecting a system for the actual 



Fig. 8—The Towee System of Lighting Laege Aeeas 

illumination of the field. In studying this question, 
engineers very naturally turned to the pilots for in¬ 
formation as to what sort of lighting they found most 
helpful to them in landing and taking off at night. 
Much information was obtained but many conflicting 
opinions were expressed. However, certain funda¬ 
mental requirements were established and very gener¬ 
ally agreed upon. The Department of Commerce 
requires for a field entitled to an “A” rating a minimum 
vertical illumination of not less than 0.15 foot-candles 
over the usable part of the field. This is the illumina¬ 
tion measured on a plane at right angles to the field 
surface and is a measure of . the value of illumination 
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incident upon the vertical sides of obstacles, grass, 
etc., facing the source of light. This component is, 
therefore, the illumination which will enable a pilot to 
see obstacles ahead of him as he taxis along the ground 
or approaches very near to the ground provided he is 
moving in the direction of the projection of the light. 
The component of illumination at right angles to the 
vertical and called the horizontal illumination is the 



Fig. 9—Typical Forms op Airport Floodlighting 
Equipment 

A. Incandescent Airport Floodlight. A 24-in. projector with chromium 
plated reflector and 45-deg. spread lens designed for use with 1500 watt and 
■3000 watt, 32-volt incandescent lamps. 

B. Incandescent Airport Floodlight. Unit equipped with glass re¬ 
flector designed to deliver a ISOrdeg. spread of light In the horizontal and 
limit the vertical spread to a few degrees. Lamp used may be either the 
-5-kw., 110-volt or 3000-watt, 32-voit incandescent lamp 

O. Incandescent Airport Floodlight. Unit equipped with 25-in. 
mirrored glass reflector and spread convex heat-resisting lens of approxi¬ 
mately 40-deg., 50-deg. or 80-deg. horizontal spread. Unit takes either 
the 1500-watt, 32-volt or 3000-watt, 32-volt incandescent lamp 

D. Incandescent Airport Floodlight. Unit equipped with two 5-kw.‘ 
•or 10-kw. incandescent lamps, each in focus of 24 in. parabolic reflector. 
Beam spread in horizontal plane to about 80 deg. by diverging roundels. 

B. Incandescent Airport Floodlight. Unit equipped with 14-3000-watt 
32-volt incandescent lamps in the focal axis of a parabolic trough reflector 
The horizontal spread is 180 deg. 

F. Airport Arc Floodlight. Unit equipped with a 150-ampere high 
Intensity arc mechanism in the focus of a 21-element Fresnel lens. The 
horizontal spread is 180 deg. The 5-kw. or 10-kw. incandescent lamp may 
also be used with this unit. 

G-. Airport Arc Floodlight. Unit equipped with an 18-in. glass para¬ 
bolic mirror and two front door glasses, one with clear glass and the other 
with 80-deg. spread lens. The spread lens may be swung back and the 
unit used as a high powered ceiling projector or as an auxiliary beacon.. The 
lamp mechanism is automatic, operating at 55 amperes on a line voltage 
from 80 to 125 volts direct current 

illumination which enables a pilot to see the ground 
from the air; it makes visible the area on which he is to 
land. If, therefore, a field is to be clearly visible from 
the air and at the same time objects and irregularities 
on the field are to be clearly discernible as the pilot 
approaches the field at low altitude for landing, the 
light must be distributed so as to provide adequate 
illumination in both the horizontal and vertical planes. 



Fig. 10—Incandescent Lamps Used in Aviation Service 

A. 10-kw., 115-volt, G-80 lamp for base down burning 

B. 5-kw., 115-volt, G-64 lamp for base down burning 

O. 3000-watt, 32-volt, GT-38 lamp for base down burning 

D. 1500-watt, 32 volt, T-24 lamp for base down burning 

E. 1000-watt, 115-volt airway and airport beacon lamp 




Fig. 11—Methods of Installing Field Floodlighting 
Equipment 



Fig.. 12—Night View of Airport Floodlighted by Means 
of a Single Unit Equipped with Two 10-Kw, Incandescent 
Lamps 
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Furthermore, the light sources must be located so as 
to cause the least amount of glare in the eyes of the 
pilot for excessive glare is a potential cause of accidents. 
Needless to say, simplicity in operation and mainte¬ 
nance together with reliability are essential character¬ 
istics of the light sources. Light sources located close 
to the ground and delivering a fan of light at a grazing 
angle over the field surface give a maximum vertical 
illumination component and a minimum horizontal 
component. In order to increase the horizontal 
component of illumination it is necessary to elevate 
the light sources and deliver the light in a more down¬ 
ward direction. Ah example of this type of lighting is 
found in the systems in use for railroad yards or other 
large areas where floodlights are grouped on towers from 
75 to 120 ft. high. Such a tower is shown in Fig. 8. 
This method of lighting has to date been frowned upon 
for airports largely on account of the hazard which 
such a tower presents in the vicinity of landing areas. 
The system employing light sources close to the ground 
has met with general favor and may be divided into two 
divisions; viz., the centralized system and the dis¬ 
tributed system. In the former system a single large 
light source or a group of smaller light sources con¬ 
centrated at one point is employed for obtaining the 
field illumination; in the latter a number of relatively 
smaller units placed at two or more locations around the 
landing area are employed. The equipment (Fig. 9) 
used for field illumination employs both arc and in¬ 
candescent light sources and a variety of optical 
systems for obtaining a fan distribution of light. In 
all cases the vertical spread of the beam is restricted to 
a few degrees and the horizontal spread expanded.to 
45 ;deg. to 180 deg. Incandescent lamps (Fig. 10) 
for this class of service are available up to 10 kw. 
capacity; in fact, lamps of even larger capacity are 
being built but at the present time there is no com¬ 
mercial equipment in which they are used. 

It is interesting to note a trend toward the study of 
the; character of the field surface with respect to night 
illumination. Obviously, the higher the coefficient of 
reflection of the surface, the greater the amount of 
light reaching the observer’s eye. Just as our highway 
executives have found it desirable to mark road boun¬ 
daries and obstacles with white paint to make them 
conspicuous at night, so our airport engineers and 
managers will find that the judieious use of light 
surfaces and white paint will greatly assist in the dis¬ 
crimination of essential objectives at night. 

In locating the field floodlighting equipment, con¬ 
sideration should be given to prevailing winds and the 
site for the floodlights selected so that ships landing 
under prevailing winds may land in the same direction 
as the direction of projection of the light or at right 
angles to this direction in order that the pilot may not 
have to face the light source. The topography of the 
field is also an important consideration if shadowed 
areas are to be avoided. Modern practise (Fig. 11) 


provides substantial structures for the field flood¬ 
lighting equipment with ample provision for housing 
transformers, control apparatus, etc. A night view of an 
airport illuminated by a single unit is shown in Fig. 12. 

Other aids to the aviator in the form of advertising 
beacons, roof signs, etc., are daily being added by in¬ 
dustry and municipalities. Under the guidance of the 
Department of Commerce these land marks become 
helpful to the aviator in following his course. There 
are many problems still confronting the engineer en¬ 
gaged in providing means for guiding the airman. 
The menace of fog still offers serious handicaps and 
attempts to counteract it by means of light have met 
with little success. The neon light, thought to possess 
fog penetrating properties superior to other forms of 
illuminants, appears from recent tests of the Bureau of 
Standards and others not to have any advantage for 
this purpose. Some of the largest research organiza¬ 
tions in the country are devoting study to means of 
facilitating and increasing the safety of air travel and 
we may confidently look to the future for solutions to 
the problems which now appear most difficult. 

Discussion 

F, C. Caldwell: I should like to ask Mr. Mahan if he has 
the latest information with regard to the use of the neon lamps as 
beacons. 

P. D. Manbeck: Is the incandescent lamp or is the carbon 
arc lamp the best suited for airport lighting? Experiments have 
been conducted, I believe, with both, and 1 should like to ask 
the question, has the carbon arc a field in this work? 

A. W. Lee, Jr.: (by letter) I am very glad to see that Mr. 
Mahan questions seriously the penetrating properties heretofore 
ascribed to the neon light. 1 believe its advantages have boon 
greatly exaggerated. 

I believe that under the fl.ood lighting of airports auolhor 
apparently feasible scheme should be mentioned and studied, 
especially in such ports as have permanent runways, and that is 
the installation of translucent slabs in the runways themselves, 
these slabs to be lighted from below by ordinary incandescent 
•lamps. 

. The majority of aviators consider outline lights on the field of 
far greater importance than the flood lights,—in.fact, many of 
them make a practise of landing without any flood light whatever. 
It therefore seems very reasonable that if each permanent runway 
has scattered throughout its length these translucent rectangles, 
the pilot will more easily know not only where to set his ship 
down but when to set it down. 

The main point which I should like to see discussed is the 
statement, “other aids to the aviator in the form of advertising 
beacons, roof signs, etc., are daily being added by industry and 
municipalities.” 

Roof signs with arrows pointing to the field, advertising signs, 
etc., are very helpful, but there is a growing tendency to establish 
special revolving beacons on high office buildings and I believe 
this is one of the most dangerous practises which we have to face. 

Even though such a beacon flashes in code or stops once in each 
revolution and points toward the field, it is obvious that many 
conditions occur (such as fog, sleet, rain, etc.) which prevent the 
pilot from hanging around to spell out the beacon's fnessage. 
If a revolving beacon is to be the standard indication throughout 
the country that a pilot is on a regular airway or is coming to a 
registered landing field, all other flashing beacons should be 
strongly discouraged. 
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Just t wo months ago a pilot on one of our contract mail linos 
missed an office building by a scant few feet. He had seen the 
flash oi a beacon and had mistaken it for a beacon at the city 
airport, swooping downward after passing it in the same manner 
that he usually landed at the airport. Three other pilots of the 
same company have also boon misled by this beacon, but have 
not had such narrow escapes. 

If this practise is continued, I feel certain that sooner or later 
one of our night pilots will fly head on into some office building 
or smoke stack. 

May 1 ask that this criticism be fully discussed and weighed 
and that the members present at this regional meeting do every¬ 
thing in their power to persuade the aeronautical branch of the 
Department of Commerce to disapprove any such future in¬ 
stallation. 

D. K. Wright: (communicated after adjournment) The 
writer wishes to take this opportunity to mention a recent de¬ 
velopment. in lamp making which promises to make a big im¬ 
provement in airport floodlighting. The various incandescent 
lamps used for this purpose have a rated life of 100 hr. at an 
efficiency of approximately 24 lumens per watt. Tho limiting 
factor which has prevented the operating or these lamps at a 
higher efficiency has been the blackening of the bulb. Tho new 
development which is to bo put into effect on April 1 is the plac¬ 
ing of a small quantity of specially prepared granular tungsten 
powder inside the lamp before it is exhausted and filled with 
nitrogen gas. When the bulb blackens from use the lamp is 
removed from its socket, inverted, and shaken gently with a 
circular motion for a few seconds. The abrasive action of the 
tungsten powder removes the black deposit from the walls of 
the bulb, leaving the glass bulb clear again. Tt even improves 
the lamp, because it. will not blacken so readily the next, time it is 
used. 

The cleaning of the bulb makes it possible to operate the lamp 
at. a substantial increase in efficiency. Higher efficiency in 
lamps of this type is of immense valuo to the floodlighting of 
landing fields, because tho higher efficiency means a more than 
proportional increase in brilliancy of the filament and this 
greater brilliancy means, in turn, a beam of higher intensity 
and greater effectiveness. 

The new development is to be incorporated in the 1500- and 
8000-watt, 82-volt lamps, and tho 5000- and 10,000-watt, 110- 
115-120-voll, airport, floodlighting lamps. 

W. T. Hardinjf: (communicated after adjournment) Inas¬ 
much as I have had charge of the development and standardiza¬ 
tion of night lighting equipment for the past three years for the 
U. S. Army Air Corps, I should like to bring out several points 
not clearly developed in the paper, Lighting of Airways and 
Airports . 

The Air Corps is not charged with the development of airways 
equipment as that is a function of the Department of Commerce. 
Consequently, that part of the paper will be passed over at once, 
although, as a matter of historical interest, the Air Corps estab¬ 
lished the first lighted airways in this country. 

The Air Corps, however, is vitally interested in the develop¬ 
ment of airdrome lighting equipment, and has done, and is still 
doing pioneer work along this line. Almost without modification 
the requirements for airport lighting as laid down by the Depart¬ 
ment of Commerce, were basod upon those established and used 
by the Air Corps prior to tho Civil Air Commerce Act of 1926. 
At. the present time the major differences are merely in manner of 
installation as the Air Corps is interested in operation in time of 
war and is preparing to add auxiliary emergency equipment. 

The Air Corps uses a beacon similar to that described merely 
because at the present time that beacon is the best available. 
These beacons, however, are essentially fair-weather aids. 
When needed most they are badly lacking in range and are hard 
to locate. Several other types have been developed, both in¬ 
candescent and neon, but so far they have shown no better solu¬ 


tion to the problem. Tho Air Corps and the Guggenheim Asso 
ciation are at present at work upon the problem of fog penetra¬ 
tion at Wright Field and on completion of the experiments the 
problom of development of a beacon for fog will no doubt be in 
order. 

With respect to wind indication, the Air Corps uses the wind 
tee. The indication of direction at night is made by the lamps 
themselves, covered with a green globe, instead of reflected light 
from the sides. From the air it appears as a green “T”. Wind 
velocity is not indicated. The wind cone is not satisfactory even 
though illuminated internally or externally, as the three-di¬ 
mensional position of an airplane at night coupled with lack of 
perspective, may give an incorrect indication. 

The boundary light also is of value in landing or taking off, as 
a pilot may keep a straight course by using the light as a land¬ 
mark and thus prevent ground looping. The Air Corps uses 
series circuits with individual lamp transformers for each light 
or group of lights. By this method the high voltage is kept 
underground. 

With respect to floodlighting, a wide diversity of opinion 
prevails in the Air Corps. However, standardization has pro¬ 
ceeded to a point whore two types of installations are being mode: 

(a) Primary Fields . For airdromes where formation land¬ 
ings are made a (centralized) single source unit is used. This 
floodlight consists of a 180-deg. fresnal lens equipped with a 10- 
kw. lamp, spherical reflector, and automatic lamp changer and 
starter. The Ail* Corps has developed a special housing with 
automatically operating shutter. Two units are employed on a 
given field so placed that one or the other is used, depending upon 
wind direction. 

(b) Secondary Fields . For airdromes whore single ship 
landings are contemplated, tho distributed type of lighting is 
used. 

High mounting of floodlights is not recommended as the beam 
in misty or foggy weather curtains tho ground and makes it. 
hard to discorn the exact location when landing. The floodlights 
should be mounted as low as the contour of the ground permits. 

H. E„ Mahan: Professor Caldwell has asked about the use 
of the neon tube for beacons. As far as can bo determined, tho 
neon light does not possess any fog-ponetrating properties not 
possessed by the incandescent lamp. The Bureau of Standards 
has made rather extensive tests in this connection which are 
reported in the Bureau of Standards bulletin. 1 The form of the 
neon tube does not lend itself to projection equipment such as the 
standard form of airway beacon, and where used it generally takes 
the form of tubes built up to form a cylindrical or truncated 
conical structure. Its color is distinctive as contrasted with the 
ordinary lights of a city and to this extent is conspicuous, al¬ 
though similar results may be obtained by the use of color screens 

.on incandescent lamps. 

It is often stated that in clear weather the beacon is not 
needed and in foggy weather it cannot be soon. 1 think, how¬ 
ever, that all agree that the beacon serves a real purpose, for in 
clear weather its distinctive flashes identify the airport and the 
airway and it is only in very heavy weather that it is obscured 
entirely. As far as fog is concerned, it is true that wo have not 
made much progress in overcoming this handicap and there does 
not appear to be a definite solution in sight. Undoubtedly, the 
radio beacon is the most promising. A certain amount of success 
has attended attempts at fog dissipation, but I am afraid this 
would be very expensive and not altogether a practical solution. 

Regarding the incandescent versus the arc lamp, the arc lamp 
is an excellent light source for any projection equipment and its 
color is in favor with many pilots. Its principal disadvantage 
has been that it requires direct current and an operator. The 
simplicity and flexibility of the incandescent lamp have brought 
this type of light source into very general favor although some 
of the larger airports are using arc equipments. 

I. Technical News Bulletin, 1928, p. 150. 
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Synopsis . —In large turbine generators there is no convenient 
method for determining the iron losses under load. 11 is the purpose 
of this paper to show, analytically, the factors influencing the change 
in iron loss with load. While very definite results are given for a 
simplified machine, it is not recommended at this time that any 
change be made in the A. I. E. E. Standards for computing load 
loss, because there is much to be done before the work can be considered 
complete. 

This particular problem is typical of many which are entirely 
suitable for purely analytical study, and should furnish very desir¬ 
able work for investigators who do not have access to large machines 
for extensive tests, but who desire to carry on studies related to this 
type of apparatus. This, as well as similar loss problems, can be 
studied much jnore readily by theoretical work and model tests, than 
from measuring the total losses of an entire machine, because the 
value sought is never a predommant proportion of the total value 


measured; and even if satisfactory results be obtained on a particular 
machine, they are not generally applicable to all such apparatus. 

In this article, it is shown that on the basis of the flux distributions, 
the machines can be most conveniently divided into end zones, which 
present three dimensional problems and a large central zone, which 
presents only two dimensional problems. The losses in each part are 
discussed qualitatively, and the losses in the central zone are ob¬ 
tained quantitatively for an ideal machine in which only the funda¬ 
mentals of the flux waves are present. It is shown that, contrary 
to the usual view, these losses do not vary as the square of the gen¬ 
erated voltage, but are predominantly affected by the ratio of the slot 
to total leakage reactance . The results are given in curves. The 
complications in the problem introduced by the usual commercial 
designs by non-sinusoidal field forms, phase bands, etc., are dis¬ 
cussed qualitatively. 

* * % * * 


T HE losses which occur in the magnetic circuit of a 
synchronous machine depend upon the weight, 
magnetic properties, and physical shape of the 
iron and upon the arrangement and current values of 
the conductors. The total value of the no load iron 
losses can be measured with a satisfactory degree of 
accuracy, but no simple method is available for ob¬ 
taining a direct measurement of these losses under load 
conditions. A method for obtaining the rate of loss 



Fig. 1—Fltjx Distribution in Center Plane op the Pole-: 
Rotor Excited Alone 

at any point in the machine by means of temperature 
time curves was described by the writers in their 
paper on Additional Losses of Synchronous Machines. 1 
Practical results can be obtained by this method, but it 
requires care and a large number of readings to permit 
the calculation of the total losses in the iron parts of the 
machine which is being tested. 

The writers are not aware that anyone has presented 

♦Both of the Westinghouse Electric & Manufacturing Com¬ 
pany, East Pittsburgh, Pa. 

1. For references see Bibliography. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati, Ohio, March 20-28,1929. 


an analytical study of the magnetic circuit losses which 
exist in synchronous machines under operating con¬ 
ditions. It is the purpose of this article to illustrate 
the flux distributions and iron loss conditions for certain 
principal parts of the commercial machines with the aid 
of diagrams and to determine analytically the ratio 
of the magnetic losses which exist under various load 
conditions to those which exist at no load for the case 
of an ideal, or simplified generator. 

A better conception of the factors producing iron loss 
in turbine generators can be obtained by investigating 
the flux distributions in the different parts of the mag¬ 
netic circuit. The end zones will be discussed briefly 
and then the central zone in greater detail. Figs. 1, 
2, and 3 indicate diagramatically the direction of the 
flux in the plane passing through the center lines of 
the magnetic poles. There is a convenient divi¬ 
sion of the fields into end zones and central zone. In 
the end zone it is necessary to consider the flux dis¬ 
tribution as a three-dimensional problem whereas in the 
central zone it can be considered as a two-dimensional 
problem. 

It is necessary to decide between just what two radial 
planes two-dimensional conditions may be assumed. 
An estimate of this was made by assuming a simplified 
magnetic circuit as shown in Fig. 4. The magnetization 
curves for the paths were made as nearly equal to those 
existing in an actual machine as could be computed. 
The axial permeances were concentrated at the stator 
side of the air gap as shown, thus making the assump¬ 
tions as pessimistic as possible. It was found that 
when the end leakage flux was something like fifty 
per cent of the radial air gap flux per packet, the in-, 
fluence of the end zone conditions became negligible 
four or five packets toward the center. This was 
thought to be worse than the actual case because effec¬ 
tive stepping of the end packets reduces these in- 
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equalities to a minimum. The fact that the end packets 
and central packets do not vary greatly in temperature 
indicates that the penetration is not more than two or 
three packets under normal conditions. Fig. 5 has 
been drawn in an attempt to give a three-dimensional 
picture of these conditions. It is probably reasonable 
to assume that the end effects are confined to the first 
three packets on each end and that the large central 
zone presents only two-dimensional problems. 



Fiq. 2—Flux Distribution in the Center Plane op the 
Pole, Stator Excited Alone 

The. flux distribution in the end bell air space, due 
only to the rotor m. m. f., is influenced predominantly 
by the rotor retaining ring saturation and to a certain 
extent by the saturation in the stator iron. The latter 
causes a leakage flux from the frame to the bell. In 
this enclosed space there is a revolving field which pro¬ 
duces losses in the metal coil braces and somewhat 
higher local losses in the finger plates. The iron end 
bells form parallel magnetic paths for the cofre and carry 



Pig. 3—Flux Distribution in the Center Plane op the 
Pole, Both Rotor and Stator Windings Excited at the Pull- 
Load, Zero Power Factor, Over-Excited Condition 

revolving fields of the distribution shown in Fig. 6. 
The losses in all of the solid parts are produced by cur¬ 
rents which are near the surface of the iron, and conse¬ 
quently depend as much or more on the area than on 
the volume of material. 

When the armature is excited alone there is a rotating 
flux in the end bell iron and in the enclosed air space. 
However, these flux distributions do not always main¬ 
tain a constant shape, and therefore do not behave 


quite as simple revolving fields. This is due partly 
to the chording effect of diamond coil end windings, 
partly to the grouping of conductors in phase bands and 
to the normal chording of the machine, and partly to 
the influence of the phase connecting rings. 

The flux studies indicate that the armature is prob¬ 
ably a more important factor in causing local hea ting 




Pig. 4—Paths Assumed in Estimating the Axial Penetra¬ 
tion op End Flux 


Stator Laminations 



in the finger plate than is the field. The radial com¬ 
ponents of the slot leakage flux exist only at the end of 
phase bands. If the winding is full pitch (Fig. 7), 
or if the pitch is an even multiple of the reciprocal of 
the number of phases (as 1/3, 2/3, 3/3, 4/3, etc., for a 
three-phase winding) then this radial flux is concen¬ 
trated in one tooth per phase per pole. This condition 
may produce high densities and high local temperatures 
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in some parts of the machine if proper precautions 
are not taken. For other coil pitches, the radial com¬ 
ponents of slot leakage flux occur in one tooth per phase 
per pole for each winding layer, and usually are not 
factors of importance. 

At the zero per cent power-factor over-excited condi¬ 
tions, the armature predominates within the end bell 
enclosure, because the retaining ring acts as a partial 
magnetic shield for the rotor winding and thus renders 
the rotor field magnetomotive forces rather ineffective 



Iron 

in this space. However, the rotor m. m. f. establishes 
the gap flux, the core flux, and hence the distribution 
in the end bell iron. The field in the end bell iron is 
about the same at this load condition as at no load 
normal voltage. The local effects of the phase connect¬ 
ing rings are present to some extent. 

Discussion of the Stator Iron Losses 

It has been pointed out that the magnetic conditions 
in a turbine generator may be divided most conveniently 
into two parts. It is the large central part of the stator 
iron which will be discussed in this article. An ideal 
machine for calculation will be considered which has the 
following characteristics: 

(1) A large number of teeth will be assumed so 
that practically no tooth taper is present; 

(2) There will be as many phases as slots per pole so 
that the fundamental of the slot leakage flux may be 
considered alone; and 

(3) A full pitch winding will be assumed. 

In addition to the above assumptions for a special 
machine, the following general assumptions will be 
made: 

(4) The rate of eddy-current loss in watt seconds per 
second per unit volume will be assumed proportional 
to the square of the instantaneous value of the resultant 
flux density in the laminated iron; 

(5) The hysteresis loss per cycle will be assumed 
proportional to the square of the niaximum flux density 
for the conditions encountered in commercial machines; 
and 

(6) No allowance will be made for the redistribution 
of the flux in the main magnetic circuit due to changes 
in permeability between no-load normal voltage and 
full-load normal voltage conditions. 


It is intended to consider the factors involved by the 
variations in the stator teeth and core loss on load as 
compared with the no-load conditions, due to the funda¬ 
mental of the cross slot leakage flux and the increase or 
decrease in the air-gap flux. On all loads which require 
over excitation, the air-gap flux must be increased to 
produce a generated voltage equal to the vector sum of 
the terminal voltage and the armature leakage reactance 
voltage. Conversely, for practically all under excited 
conditions the air-gap flux is less at the load than at the 
no-load full voltage condition. 

The armature leakage reactance voltage is usually 
divided into two main parts,—the voltage due to the 
end winding flux, and the voltage due to the slot leakage 
flux. (In this machine there will be no “tooth tip 
leakage flux,” because no higher harmonics have been 
assumed.) The end winding reactance flux influences 
the densities in the main magnetic circuit, because it 
usually necessitates a change in the air-gap flux to 
maintain constant terminal voltage. It has been 
explained, previously, that the effect of the end winding 
flux, as such, can be neglected when considering densi¬ 
ties in the central part of the stator iron. The reactance 
produced by the armature slot leakage flux also necessi¬ 
tates a change in the air-gap flux in order that constant 
terminal voltage shall be maintained. However, the 
paths of the latter flux (Fig. 8) are through the same 
stator iron parts as are occupied by the air-gap flux. 

Loss in the Core 

It is now possible to estimate the relative losses in the 
core back of the teeth on the basis of the foregoing 



7—Full Pitch Three-Phase Winding Showing the 
Concentration of the Radial Components of Slot Leakage 
Flux at the Ends of Phase Bands 


assumptions. Both the air-gap flux, i$ 0 , and the radial 
component of the slot leakage flux, 2 have sinusoidal 
distributions at some circumferential line d — d as 
shown in Figs. 8 and 9. These components of flux 
combine to give a resultant sinusoidal flux wave so that 
on the basis of assumptions 4, 5, and 6, it follows that 
the ratio of core loss on load to that on no load must be 


J?£_ _ { i*. + 2 *. 1 

" 1 A - I 


In this case the vector quantity 2 is in phase with 
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the maximum radial density due to the cross slot flux. 

Loss in the Teeth 

_ The changes in tooth loss with load are much more 
difficult to describe than the core loss but can be illus¬ 
trated with drawings. The difficulty is that the air-gap 
and slot leakage flux distributions do not have the same 
general shape in the teeth, whereas they did have in the 



Fxa. 8 —Assumed Distribution op Armature Slot 
Leakage Flux 



Fig. 9—Assumed Distribution op Air-Gap Flux 

core. In the teeth, the armature windings establish 
both tangential and radial densities while the air-gap 
field produces only radial densities. See Figs. 8 and 9. 
Hence the tangential density and the resultant radial 
density must be known at every point in the tooth 
throughout one cycle (see Fig. 10 for the component 
densities at one point in a tooth). Obviously, at every 
instant of time, the resultant density squared is equal- 
to the sum of the squares of the tangential and the 
resultant radial densities. 

0 t 4 - (W + ( 2 ) 


The rate of eddy current loss per unit volume per 
cycle is proportional to the mean square value of the 

resultant density,- f 0 T S d 0, but, 

^ «=o 

1 r 1 r 1 r 

—JWdd = —Jfifde + -r-J/yd* (3) 

0 '*0 w 0 

Hence the eddy current loss due to the density com¬ 
ponents displaced 90 deg. in space may be computed 
separately and added. 

The hysteresis loss per cycle is proportional to the 



Fia. 10 —Tangential, Radial, and Resultant Flux Densi¬ 
ties at One Point in a Stator Tootii at One Instant 
op Time 



Fig. 11—Tangential and Radial Armature Slot Leakage 

Flux 

square of the maximum density, or /W. The vectors 
and p, may have almost any particular time-phase 
relation, so that to determine the hysteresis loss a 
relation between the latter vectors is necessary to 
determine /3 Tm 2 . 

Before proceeding to a quantitative discussion of these 
densities and the resultant losses, it would be well to 
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consider the angular or time relations between these 
values at any one point in a stator tooth. A mashing 
will be assumed which has a count®* clockwise rotation 
of the field. The simple Potier diagram for a non¬ 
salient pole generator carrying a reactive load, is shown 
in Fig. 12, with the density vectors under consideration 
superposed on the drawing. The radial density due 
to the air-gap flux, i0 a , is in phase with this flux. The 
radial component of density due to the slot leakage flux, 
/3„ must be in phase with the armature demagnetizing 
flux, $&». The tangential density, p„ due to the slot 
leakage flux is shown leading the radial value, 0 r , by 
90 electrical degrees; because it has been chosen to 
consider 0, positive in the direction opposite to that of 
rotation (see Figs. 8 and 12) and 0 r positive in the out¬ 
wardly radial direction. 

Plainly, it would be desirable to relate the densities to 



Fia. 12— Vector Diagram for Non-Salibnt Pole • A-c. 
Generator 


voltages so that the loss equations may be expressed in 
terms of terminal voltage, reactance, and power factor. 
The first step is to relate the cross-slot flux and the air- 
gap flux to the voltages. The circumferential line at 
the base of the teeth will be used for reference. All of 
the air-gap flux and all of the slot leakage flux cross this 
line. They may be considered as two synchronously 
rotating fields, each of which establishes a voltage in 
the stator winding. Roughly, their distributions are as 
shown in Figs. 8 and 9. It can be seen that the slot 
leakage Add is less effective in producing voltage than 
is the air-gap flux. The former enters at the base of the 
teeth, but does not link all of the conductors; whereas 
the air-gap flux has the same value at the gap as at the 
base of the teeth, and links more armature turns for a 
given number of flux lines. It may be written that. 



where Ki is a constant greater than one. Since a full 
pitch winding has been assumed, the density due to the 
cross slot flux varies directly with x (Fig. 11) in every 


slot. The constant, Ki, is the ratio of the flux turn 
interlinkages per slot ampere which would obtain for 
any one slot if all of the existing slot flux linked all of 
the turns in the slot to the flux turn interlinkages per 
slot ampere which actually exist. It can be shown 

3 

(see Appendix) that Ki = . 


On the basis of the foregoing analysis the loss equa¬ 
tions to-follow have been obtained for the central 
portion of the machine. The derivations of these 
equations are given in the Appendix. 

I. Ratio of the Core Loss on Load to that on No Load. 




sin y + 



a ( I X, \ / I Xi . \ 

- 3 (~r)(ir +smi ' - ) +t (et> »). 

This includes both hysteresis and eddy current loss. 

II. Ratio of the Eddy Current Loss in the Teeth on 
Load to that on No Load. 

i W. t „ . „/I \ 

~W7 - 1 + 2 ('a) sm ' y + (~Br) 


/JIA/JI, \ /IXA 2 / 3 6 

-2 VBT,K"Br + ' m V + {-e7) (x7+5 



III. Ratio of the Hysteresis Loss in the Teeth on Load 
to that On No Load. 

i Wju _ 1 iW et 
oW 2 0 Wet 




-2 [ I ^ £+sinT ] } ScosS y ) (7) 

It should be remembered that certain design con¬ 
stants must be involved in the numerical constants of 
these equations. For instance, the ratio of the iron 
area for the cross slot flux to that for the radial flux must 
be introduced, and it depends upon the physical pro¬ 
portions of the machine. These constants are expressed 
algebraically in the Appendix. 
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Curves based on the above equations are shown in produce loss. The radial components of slot leakage 
Figs. 18 to 29 inclusively. Figs. 30 and 31 give the flux combines with the air gap flux. They add in the 
total variations in iron loss with load as functions of radial direction, and give a resultant radial density 
power factor. Various ratios of slot to total reactance producing loss at every point. The radial flux com- 
and two values of total per cent reactance are chosen as ponents corresponding to the reactance vectors IX, 
shown. Certain ratios for the loss on no load were . and I X t are about equally effective in producing eddy 
assumed, as follows: ^ 

_ No-Load Core Loss _ 0 W 6 current loss. When approaches zero, the loss 

Total No-Load Iron Loss in the Machine - 0 Wt = * . 

ratio for the teeth must increase with I X t just as it did 

No-Load Eddy Current Loss in the Teeth 0 W ei j x. 

Total No-Load Iron Loss in the Machine = = 0,1 for the - core - fj] approaches unity, there is less 


No-Load Hysteresis Loss in the Teeth oW h t 
Total No-Load Iron Loss in the Machine - n W i = 

All of these curves apply to the large central zone in 
the stator, and are for four-pole machines. 

Discussion op Results 

To analyze the curves, it is convenient to consider the 
loss ratios in terms of the revolving fields which produce 
the losses. 

The variations in core loss with flux were expressed 
by Equation (1). Consider an over-excited condition. 
The air-gap flux on load (and hence this component of 
the core flux on load) is increased over the no-load value, 
in the ratio of the generated to the terminal voltage. 
However, the core flux on load is decreased by the vector 
addition of the slot leakage flux. The slot leakage 

3 

reactance may be considered y times as effective in de¬ 
creasing core densities, as the total reactance was in 

IX 

increasing these densities. Consequently, if r -J 


< g-, the core flux and loss increase with load; if 


II, 
I X t 


> j, the core flux and loss decrease with load; and 


.II, 2 

if f~x t ~ "g"> the core flux and loss remain constant. 


variation in loss with load due to the radial density, 
but the tangential densities produce an appreciable 
value which must be added arithmetically to obtain 


the total loss. For any value of the change in loss 


on load over no load is a function of II,. 

On the under excited conditions, it is well to consider 

I X 

the extreme ratios of As this ratio approaches 


zero, the eddy-current loss becomes predominantly 
influenced by the air-gap flux, and the loss ratio de- 

I X 

creases with increase in I X t for fixed values of xiF- 

l Xt 


As j approaches unity the tangential flux adds very 

considerably to the density, but the effects of I X u and 
I Xt on the losses due to the.radial densities more nearly 
nullify each other. The aggregate result is an increase 
in loss with I X t . 

In considering the variations in the hysteresis loss 
with load, it is interesting to note that the tangential 
densities are zero at the instant the radial densities are 
maximum, if the machine is operating at zero per cent 
power factor, either over or under excited. Conse¬ 
quently, the hysteresis loss at these operating conditions 
must be proportional only to the square of the radial 
I X 

densities. As j-^r approaches zero the hysteresis loss 


The first two conditions are reversed - if E g < E t , i. e., ratio must approach the corresponding ratios for the 
at most under-excited conditions. The last condition total loss in the core and for the eddy current loss in the 
is true at all power factors, namely, that the core loss IX 

does not vary with load when the ratio of slot to total teeth. When yxf approacnes unity, the ratio ot the 
reactance is two-thirds. The 100 per cent power factor 1 

case is somewhat unique. The reactance and terminal hysteresis loss in the teeth differs from the ratio of eddy 
voltages add at right angles. Hence if the ratio current loss in the teeth, and from the ratio of total 

IX. 2 losses in the core. When the current-is in phase with 

j-jris either greater or less than -j, the core flux and the voltage, the tangential density and the resultant 

radial density attain their maximum at almost the same 
loss must be greater on load than on no load. instant of time for all points in the teeth. The maxi¬ 

in the teeth there are three components of flux which mum radial density squared is about equal to the sum 
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of the squares of the maximum radial and tangential 
densities; and it is nearly proportional to the sum of the 
squares of the effective values of the latter densities. 
Thus the variation in the hysteresis loss in the teeth 
will be practically the same as the variation in the eddy 
current loss, when the current is in phase with the 
generated voltage. This is almost the case at the 100 
per cent power-factor condition. (Compare Figs. 24 
and 28.) 

General Conclusions 

In the central portion of the ideal generator (which 
has only fundamental flux waves), the ratios of iron loss 
on load to those of no load are not only functions of 
total reactance and power factor, but also of the ratio 
of slot to total reactance. 

The actual loss in these parts is considerably less at 
operating conditions than is calculated by the usual 
method wherein the assumption is .made that the iron 
loss varies as the square of the generated voltage. 
This is illustrated in Figs. 30 and 31. If a machine has 
a ratio of slot to total reactance of about 0.7, there is 
practically no variation in iron loss with load. 

The quantitative analysis of the variations in iron 
loss for an actual commercial machine is vastly more 
complicated than for the ideal generator in the central 
portion of the stator, and some of the factors cannot be 
considered at all. (Some explanation of the probable 
difficulties to be met in the commercial case are out¬ 
lined toward the end of the Appendix.) 

It is possible to make analytical calculations for the 
loss in certain of the end zone parts. For instance, if 
the flux distribution in the end-bell iron can be 
established, a two dimensional problem may be as¬ 
sumed within the metal. However, the effect of the 
axial flux in the stator fingers, end plates, and first two 
or three packets, probably can only be properly 
investigated by tests which will permit the separation 
of the end zone from the central zone losses. Tests on 
machines of different lengths could be used if it eould 
be established that the loss per inch axially in the central 
zone was substantially the same in each test; and not 
at variance due to building differences. 
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Appendix 

Preliminary Derivations. 

The constant K x was defined by Equation ( 4 ) and the 
accompanying descriptive matter. Referring to Fig. 11 
it will be seen that 

^ d & ( 8 ) 



£ 

II 

(9) 


KiLf — p^-Z-dx 

ii l L 

( 10 ) 


3 N (p* 

Ai - o / 

* K«LN p Km ; 

Li 

( 11 ) 

but, 

l 

(pH ~ ^2 E g 

( 12 ) 

Hence, 


(13) 

And rewriting Equation (4) 



3 I x„ <r»„ 

4 E„ ~ i<r>„ 

(14) 

and since 

I'f'n E„ 

D ( f > « Et 

(15) 

then 

% 

II 

(16) 

From Fig. 12 it may be seen that 


E„ = 

then 

V Ef cos 2 7 + (I Xi + E t sin y)~ 

(17) 

E„ = 
and 

V Ef + 2 (I Xt) E t sin 7 + (I Xt)* 

(18) 


I X t + Ei sin 7 
sin a — —— ~ r 7 , 

(19) 


Ei cos 7 
cos a = —— 

E„ 

( 20 ) 


2 [E t (I X t ) cos 7 -f Er sin y cos 7 I 


bill L U — 

Ef 

( 21 ) 


E? cos 2 7 - (I Xt + E t sin 7 )'- 


bUo Lt OL 5=5 

E„ s 

( 22 ) 


sin 7 = V 1 — cos 2 7 

(23) 


cos 7 = power factor 

(24) 

In order to express the losses in terms of voltages it is 
necessary to relate the voltages and densities produced 
by the flux. In accordance with Equation (15) 


1 B a Efj 

Et 

(25) 


d <p 8 = K$ L p 8fn 


From Fig. 11 
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B.ni “ 


2 $, 

K.Ll 


uB„ — 


A, 


2 P 


0 f I>« = 


A V P 


A t .636 7T D L ~ AiDL 
Dividing Equation (26) by (27) 

AiD 


<A>« 


Bum 
aB a 


Let 


Then 


A„ 2 K<AP 
A p 2 KzlP 


m 


k 3 = 


Bum 

iB a 


AiD 


3 IX. 


K, E t 


(26) 

(27) 

(28) 

(29) 

(30) 


The constant K 3 depends upon the physical pro¬ 
portions of the machine. In the calculations it was 
found to be nearly constant for two-pole machines, and 
of another nearly constant value for four-pole turbine 
generators of modern design. Two average values 
were used accordingly—one for two poles and one for 
four-pole alternators. 

Quantitative Consideration of the Stator 
Iron Loss 

A. Core Loss 

Equation (1) stated that the core loss ratio was 

_ { _Al±M!L } * (31) 

oWn { • j (31) 

From Fig. 12 it can be written that 
{.4,, + 2lFil 2 = 2$, sin a) 2 + [2 <f>„ cos cc] 2 (32) 

(It should be remembered that a is positive when the 
current lags the generated voltage.) 

From the preceding equations 

\W,: 1$« 2 — 4 >a 4>« sin a + 4 <V 


r JX. , 11 , 

If -jjT~ and —jjr are expressed as decimals, the formula 

is greatly simplified for calculation. 

B. Eddy Current Loss in the Teeth 
Equations (3) gave the general relation for the 
instantaneous densities and the resultant rate of eddy 
current loss at any one point in the teeth. 

In Equation (2), 

/V = i/V + ft 2 (2) 

By Fig. 10 

dr 2 = (./3« + fir)~ + ft 2 (36) 

The values must be expressed as functions of 6 and x 
before a quantitative solution can be obtained. 

From Equation (8) 

1 d <p. 

“ " " ' (37) 


KiL d x 


= ft = B. 


x 

l 


cos 6 


Referring to Fig. 11 it may be seen that the decrease in 
cross slot flux below any circumferential line j — j in 
the teeth must travel radially in the same distance. 
When the chosen positive directions of flux and rota¬ 
tion are taken into consideration also, it may be 
written that 


d <p»' 


dd 


d <£r 

dd 


From Equation (37) 


Jx 

B, m —j~ cos 6 d 


(l 2 - a: 2 ) 

<p/ = KiL B„ m — Yi — cos 0 


(38) 

(39) 
(40) 


» W e 


0 <V 


(33) 


In order to express this loss equation in terns of voltage 
and reactance it is only necessary to refer to Equations 
(15) and (16). Then 


\ Wc E 2 -SE a (I X .) sin a+ j (I X.) 2 


0 W c 


Et 2 


(34) 


However, E„ and sin a are cumbersome to use and 
by the application of Equations (18) and (19) to the 
last form it follows that, 

1 W a n /IX t \ . /I X t \ 2 


d <p r 

rr r „ (* “ 

(41) 

de 

— K*i L g 1 Sin v 

dr 

d 0 d <p r 
= d Ai' d 6 

(42) 

de 

A p . 2 v P K 3 

(43) 

d Ai 

= Ai tt D L ~ l Ki L 

Then, 



dr 

__ _ 1 / „ a: 2 \ . „ 

= Ks B, m -~ 2 ~ 11- -p- 1 sm d 

(44) 

Since tooth taper is neglected, and in accordance with 
Fig. 12 


lda = 1 Ba cos ( d -(- a) 

(45) 


Substituting Equations (37), (44), and (45) in (36), 
/St 2 = iBa cos 2 (0 + a) 

x 2 


/1X. \ /1 X t . \ 9 / 1X. \ a / x 2 \ 

~ 3 \ E t ) ( ~EZ + Sm 7 / + J ( “#r / (35 ^ + Ki ( lBBam \ 1 ~ 1T ) cos ( e + «) e 



1 / * 2 \ 2 

+ B . m 2 Ka 2 ( 1 — ~jjT j sin 2 d 


LAFFOON AND CALVERT Transactions A. I. E. E. 

^ y X ■/ 

1 oTTw- J— f JBa 2 d x = K h V (, B 2 ) (54) 


+ B. m 2 ~p~ cos 2 d 

The eddy current loss in the teeth on load must be 


Then, 


-H 


iW et = —|— / ■ -gV f fa 2 dd \ dx (47) frr 2 = i BJ_ 


From Equation (46) 


The eddy current loss in the teeth on no load must be 
nr ... K'ViaBj) 


? 0 2 “ 0 B o 2 cos2 (0 + °0 


K.V -f" 

et = 2 I oB 0 2 cos 2 (d + a) d d = 


. . \ —/ 

The ratio of the eddy current loss on load to that on no 
load is 


1 - 

1 B a 

B sm 

TT i 

< * 2 

■ A //i 

T* 

0 B a 

oB a 


, 1- p , 

1 cos (d 

B m 2 

- TT 2 


* 2 

\ 2 . 

B. m 2 

(JBg 2 

-ft-3 

4 V 1 ' 

i 2 

l sin 2 C7+ 

0 Ba 2 


iWet 2 X f l [ 1 ] 

0 W. t - KoBS) J 0 ( 2f j dx W 

Substituting Equation (46) in (49) and performing the 
double integration indicated by the latter, the following 
loss ratio results. 


I Wet _ r tBa -I 

oW et L o B a J 

+ H 


iBg 1 2 K$ i B a j b am 

oBg J 3 0 B a oB a 


+ _ r] (50) 


Substituting Equations (25) and (30) in (56) 
l/?T 2 E„ 2 . 

oB a 2 = E? C0S2 + 

E„ IX. / x 2 \ 

+ E t E t 8 \ 1 ” ~F ) cos + a ) sin e 

/ I X. \ 2 9 / x 2 \ 2 

+ ( w) ~r\ 1 -~w) sin2<? 


cos 2 6 

(56) 


Substituting Equations (25) and (30) in (50) + \ E t ) Ks 2 ■ l 2 cos2 ® ( 57 ) 

_ Let, 

oF #1 “ 

/ 3 6\ ""I? (58) 

B e 2 - 2 E e {IX.) sin a: + {IX.) 2 ( + -|) 

--- Wl -—-— p B. U,/, x* \ 

®' B -~§r btH 1 - — ) <S9) 

(51) 

Also substituting Equations (18) and (19) in (51) / I X. \ 2 9 / a: 2 \ 2 

^ 1 / I X t \ / I X, \ 2 Q = l / 4 \ 1 ~ ~/ (60) 

ow.t =1 + H^ri smT + l bt) 

/IX.\ 2 9 a; 2 

JIM (Z-*' +sta A(m'a + n -UJ K ,‘ » (61) 

^ ‘ ' * / \ t / \ K S 5/ Then expanding Equation (57) and substituting 

(52) Equations (58), (59), (60), and (61), 

C.^ Hysteresis Loss in the Teeth W M-Bsma + 0 + S 

In the qualitative discussion of the losses it was jri ~ - 2 ~- 

explained that the rate of hysteresis loss per unit 

volume was proportional to the square of the maximum (M cos 2 « + r «?„ „ n , 

instantaneous density. Hence it may be written that + {JL - +R*ma-Q+S) cos2 6 

this loss on load is 2 


t 2 p COS 2 d 


(57) 

E 2 



If . —— 

E t 2 


(58) 

I X. n / ^ 



Et 3 ( 1- 

— ) 

(59) 

\ 2 9 / 

a: 2 \ 2 


)—( 1 - 

P ) 

(60) 

IX.\ 2 9 

* 2 


E t J Ka 2 ' 

l 2 

(61) 


H7 K * V C zy 9j 

iWu — — j — J Bi m 2 dx 


. (R cos a — M sin 2 a) 

+ 2 -sin 2 0 


and on no load is 


The ma xim u m value of — firm will occur at the same 
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value of 6 as the maximum value of 


fir 2 

0B„ 2 * 


Equation 


IX, 

E t 


as decimals. 


A number of values of —j— were 


(62) may be considered with 6 as the only independent 
variable and rewritten 

i/3t 2 

2 = Ai + Ai sin 2 d + A 8 cos 2 6 (63) 


where Ai, A 2 ,and A 3 are constants corresponding identi¬ 
cally to those in (62). 

By inspection the maximum value of 


ftr 2 fir m 2 

oBo 2 oBo 2 


= At + VAt 2 + As 2 


(64) 


Substituting these values in Equation (55), 
iWht 1 * c (M — R sin a + Q + S) 

■ ~L~ - 2 - dx 

1 x r 1 - 

+ t ) o' V(M cos 2 a + R sin a — Q 4- <S) 2 

1 x=0 6 

+ (R cos a — M sin 2 a) 2 ^ x (65) 

By substituting Equations (58), (59), (60), and (61) 
in the first integral of Equation (65), performing this 
integration, and comparing with Equation (51) it is 
found that Equation (65) may be written 

i Wja _ xW tl ' _1_ x r _1_. 

oW ht 2 oWe, + l J_ 0 2 

-\/(Afcos2 o:-|-jBsin a—Q+S) 2 + (R cos a—M sin 2 a;) 2 eta 

( 66 ) 

Substituting Equations (19), (20), (21), (22), (58), 
(59), (60), and (61) in (66), then 

i Wh _ _1_ i We, 1 

0 W hi - 2 ,W; + 2 J 

x 



- + sin y ^ 

*■(¥)( 

IX, . W, z 2 \ 

Et +sm “M 1 --r) 

9 / 1 x. y r / 1 z 2 y 4 z 2 1 2 

4 \ E t ) L I p ) x„ 2 i 2 / 

♦(■(¥•) 



- 2 tx ! + sini '] }’ cos, ' |, ‘ i (f) (67> 


The solution of the latter equation is most readily 

I X 

obtained by choosing E, = 1, and expressing r, * and 


assumed and the indicated integration performed 
graphically in obtaining the results shown in Figs. 18 to 
29 inclusively. 

Discussion op the Losses in the Central Zone in 
Commercial Machines 

In the first portion of the article a general discussion 
was given of the losses in the various parts of a turbine 
generator, but it seems advisable to consider the losses 
for the central zone of commercial machines in some¬ 
what greater detail. The alternators which now will be 
discussed have trapezoidal noJoad field forms and 
balanced three-phase two-layer windings. 

The higher harmonics of the no-load flux increase the 


Phase Bands 

mmmm rz ' im 

mrammmm 



Fig. 13—Armatures.Magnetomotive Forces and Densities 
Due to a Balanced Three-Phase Full Pitch Winding 

Qt =■ Radial density at the base of the teeth due to cross slot flux 
0dm *= Radial density at the base of the teeth due to armature de¬ 
magnetizing flux 


eddy current loss. Neglecting their effect in changing 
the permeability, and consequently, the flux distribu¬ 
tion, their eddy current losses could be computed 
entirely independently of the fundamental, and these 
component losses added. The hysteresis loss in the core 
will be almost proportional to the square of the total 
flux per pole, because in turbine generators the'maxi¬ 
mum densities are usually attained at the centerline 
between poles. 

If the no-load field form is a trapezoidal wave com¬ 
posed primarily of a first and a third harmonic, the third 
harmonic will increase the total eddy current loss in 
both the teeth and the core, above that which the funda¬ 
mental alone would produce. This third harmonic will 
increase the hysteresis loss in the core, because it will 
increase the total flux; but it will decrease the hysteresis 
loss in the teeth, because the peak density is less than 
that which would be produced by the fundamental 
alone. 



806 


LAFFOON AND CALVERT 


Transactions A. I. E. E. 


In discussing the effect of the armature magneto¬ 
motive forces, a full pitch balanced three-phase winding 
will be assumed first. Fig. 13 shows the winding and 
the density components at the base of the teeth pro¬ 
duced by the armature demagnetizing flux and by the 
radial part of the cross slot leakage flux. It will be seen 
that at points between phase bands the actual radial 
flux density exceeds the fundamental of this wave by an 
amount which varies with time. The distribution with 
respect to the stator either in the gap or at the base 
of the teeth can be expressed very roughly by the 
equation 

A = A 4 cos (X -f- 6 ) -)- A c [cos (X -|- 0 )] cos 6 X ( 68 ) 


•Phase Bands 



Fia. 14 —Armature Magnetomotive Fobceb and Densities 
Doe to a Balanced Three-Phase Winding ov — Fold 
Pitch 

&• = Radial density at the base of tho tooth duo to cross slot flux 

Pdm “ Radial density at tho base of tooth duo to armature tlomaKimllztng 


where A, A 4, and An are the amplitudes of the wave and 
its components. 

X = space angle in electrical radians. 

0 = time angle in electrical radians. 

The above equation can be rewritten 

Ar 

A = A 4 cos (X -+- 0 ) + — - cos (5 X — 0 ) 

An ■ 

+ ~2~ C0S c 7 X + 0) (69) 

These equations illustrate that both the fundamental 
and the higher harmonics produce fundamental fre¬ 
quency pulsations in the stator core and that their 
losses cannot be separated for that part of the machine. 
(Only the higher harmonics produce pole face losses 
which, of course, appear in the load loss measurements.) 
In this case the armature slot leakage flux simply 
increased A 6 at the base of the teeth above that value 
which existed at the gap. 

It is now possible to consider a two layer chorded 
winding, because each layer will simply produce the 


same shaped flux waves, and these must be added with 
their proper displacement to obtain the total. The 
distribution at the base of the stator teeth is as shown 
in Fig. 14. The peculiar fact that the radial densities 
due to the slot flux produced by the two layers are not 
equal arises because the slot leakage flux due to the 
conductors in the base of the slots is greater than that 
due to those in the top, even though the top and 
bottom conductors are equally effective in producing 
gap flux. Hence, the slot leakage flux on entering the 



I* io. 15 a Fldjc in the Stator Core—See Corresponding 
Current Conditions in Fig. 13 



'! i 
0 


Fig. 15b Flux in the Stator Core—See Corresponding 
Current Conditions in Fig. 13 

core is found to be out of phase or at least displaced with 
respect to the armature demagnetizing flux or ampere 

turns by some angle less than ~ where (9 is the angle 

by which the winding is chorded. 

The flux distribution in the core which the slot flux 
alone would produce is shown in Figs. 15 a and 15 b. 
Fig. 16. shows the distribution in the core based on a 
sinusoidal distribution at the base of the teeth. These 
fields are plotted on the basis of uniform permeability. 
1 here are six possible conditions which may establish 
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Pig. 10 —Core Flux on Basis of Sinusoidal Distribution 

AT D-D AND UNIFORM PERMEABILITY IN THE IRON 



i n 



m 12 



The Numbers 1,2,3 Indicate Different Phase Currents 


Fia. 17—Six Possible M. M. F. Conditions Affecting a 
Stator Tooth which can be Established by a Three- 
Phase Armature Winding 



Fio. 18—Ratio of Full Load to No-Core Losses (Back 
of Teeth) vs. Ratio of Slot to Total Reactance, at 0.0 
Power Factor Over Excited 


the flux cycles for a given tooth (Fig. 17). That is, if 
the tooth is totally within one phase band, it has one 
set of flux boundary conditions due to the armature slot 
flux; if it is influenced by conductors of more than one 
phase, there are five other slot boundary combinations. 
In addition to these, the air-gap boundary condition 



Fig. 19 —Ratio op F ull Load to No-Load Coke Lossi— 
(Back op Teeth) os . Ratio op Slot to Total Reactance, at 
0.8 Power Factor Over Excited 



Fig. 20—Ratio op FuCl Load to No-Load Core Losses 
(Back op the Teeth) vs . Ratio op Slot to Total Reactance 
at 1.0 Power Factor 

will vary from tooth to tooth at any fixed load and 
power factor. 

Neglecting tooth taper, these flux distributions and 
the resultant losses in the teeth may be related to per 
cent reactance, pitch, etc., but the solution becomes 
tremendously complicated. The distribution at the 
base of the teeth may be approximated by the addition 
of a few more harmonics to Equation (68). It will fit 
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the distribution at a slight distance back of the base of 
the teeth and be effective for the flux entering about 
96 per cent or 98 per cent of the core. 



Fig. 21—Ratio of Full Load to No-Load Core Losses 
(Back of Teeth) vs . Ratio of Slot to Total Reactance, 
0.0 Power Factor Under Excited 



Fig. 22—Ratio of Full Load to No-Load Eddy Current 
Loss in the Teeth vs . Ratio of Slot to Total Reactance, 
at 0.0 Power Factor Oyer Excited 

These possibilities have been investigated to a certain 
extent, but the factors which are neglected still are 
numerous, namely, tooth taper, variable permeability, 


shorted punchings, punching strains, ana a numoer oi 
sources of eddy currents which become more important 
as the main densities are increased. It was concluded 
that for the present, the refinements which have been 
discussed did not offer sufficient possibilities of improve¬ 
ment over the simplified, or ideal machine, to warrant 
the increased complexity of calculations which they 
involve. Nevertheless it is undoubtedly possible to ex- 



Fig. 23—Ratio of Full Load to No-Load Eddy Current 
Loss in the Teeth vs . Ratio of Slot to Total Reactance, 
at 0.80 Power Factor Over Excited 



Fig. 24 Ratio of Full Load to No-Load Eddy Current 
Loss in the Teeth vs . Ratio of Slot to Total Reactance, 
at 1.0 Power Factor 


tend this investigation if the proper amount of effort 
can be put on it. 

Notation 
Flux Symbols 

<fy = air-gap flux per pole due to the field winding 
only. 

<3? *n = air-gap flux per pole due to the armature wind¬ 
ing only. 
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i$« = resultant air-gap flux per pole on load at normal 
voltage. 

0 $,, = air-gap flux per pole on no load at normal 
voltage. 



Fig. 25—Ratio op Full Load to No-Load Eddy" Current 
Loss in the} Teeth vs. Ratio of'Slot to Total Reactance, 
at 0.0 Power Factor UnderJExcited 



Fig. 26—Ratio op Full Load to No-Load Hysteresis 
in the Teeth vs. Ratio op Slot to Total Reactance, at 
0.0 Power Factor Over Excited 

$>, = maximum flux across any one slot due to the 

armature windings. 

(p t = instantaneous value of 


<p,' = instantaneous value of cross slot leakage flux 
between any circumferential line j — j in the 
teeth and the teeth tips. (Fig. 11.) 

(p r = one-half the armature slot leakage flux per pole 
across the line; — j. 

i0a = instantaneous radial density at any point in a 
tooth due to 



Fig. 27—Ratio op Full Load to No-Load Hysteresis 
Loss in the Teeth vs. Ratio op Slot to Total Reactance, 
at 0.8 Power Factor Over Excited 



Fig. 28—Ratio op Full Load to No-Load Hysteresis 

Loss'in the Teeth vs . Ratio op Slot to Total. Reactance, 

at 1.0 Power Factor 

o0 a — instantaneous radial density at any point in a 
tooth due to 0 $ o . 

0 . = instantaneous tangential density at any point 

in a tooth due to the armature cross slot 
leakage flux. 

0sm - 0* at the tooth tip. 

0 r = instantaneous radial density at any point in a 
tooth due to armature slot leakage flux. 

0 r = instantaneous resultant radial density at any 

point in a tooth. 







S70 


LAFFOON AND CALVERT 


Transactions A. I. E. E. 


(0n = vector sum of and p r ) 
fir — instantaneous resultant density at any point in 
a tooth. 

(/V =/*h 2 +&2) 

I#,,, dS«, i? swt , JS r , Bn, and B T are the maximum values of 



Fig. 29 Ratio op Full Load to No-Load Hysteresis 
ij0TH33 Tebth 98 • Ka-tio op Slot to Total Reactance, 
at 0.0 Power Factor Under Excited 
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Fig. 30— Ratio op Full-Load Stator Iron Loss 


Factor for Four-Pole Turbine Generator with * 

Et 


vs. Power 
0.12 


o Pa, Pam, Pr, @r, and Pt, respectively* 

The radial values are considered positive when out¬ 
ward; and the tangential values positive in the clock¬ 
wise direction (i. e., opposite to the direction of rotation 
as later assumed). 

Voltage and Current Symbols 

(All values are per phase) 

E 0 = generated voltage. 

Et — terminal voltage. 

la = full load armature current. 


I Xt = total armature leakage reactance. 

I X s = armature slot leakage reactance. 

Loss Symbols 

iW)' = total loss in the stator core on load. 
oW c = total loss in the stator core on no load, 
i Wh = eddy current loss in the teeth on load. 
oWet = eddy current loss in the teeth on no load. 
iW kt = hysteresis loss in the teeth on load. 
aWu = hysteresis loss in the teeth on no load. 
iWr, and oWt = total iron loss in the machine on load 
and on no load, respectively. 

K c = rate of eddy current loss in watts per unit 
volume per unit of mean square density. 



Fia. 31 Ratio of Full-Load to No-Load Stator Iron Lose 

»s. Power Factor for Four-Pole Turbine Generator with 

tt‘ - 016 

where /X,» slot leakage reactance 
s* total leakage reactance 
Ei ® terminal voltage 

K h = hysteresis loss per unit of volume per unit of 
maximum density squared. 

Angular Symbols 

^ = angular displacement with respect to some one 

point on the stator. Counterclockwise rota¬ 
tion is assumed. 

= 27r X frequency X time) 

= angle between armature current and generated 
voltage, and is assumed positive when the 
current lags this voltage. 

7 = power factor angle and is assumed positive 

when the current lags the terminal voltage. 

X = a constant angle as defined in Equation (68). 

6 = angle by which the armature winding is 

chorded. 

Dimension Symbols and Constants 

x — radial distance from the base of the slot toward 
the tooth tip. 


«?• 

a 
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l = total depth of slot. 

L — net length of stackings axially. 

D = diameter at stator tooth tips. 

P = number of pairs of poles. 

A ]t = total area of cylindrical surface at the tips of- 
the teeth. 

Ai = total area of magnetic material in the cylindri¬ 
cal surface at the tips of the teeth. 

K-i = stacking factor. 

K:> = constant for a given machine. 


( 


K, 


A„ 2 PK«l \ 
Ai D ) 


n - number of turns included in one slot in a 
distance a: from the base. 

N = total turns per slot. 

Ki = ratio of flux turn interlinkages per slot ampere 
which would obtain for any one slot if all the 
existing slot flux linked all of the turns in the 
slot, to the flux turn interlinkages per slot 
ampere which actually exist (on the basis of 
the current distribution assumed in the body 
of the article). 

V = volume of iron in the teeth. 

M, It, Q, S, A, At, A«, A 3 , At, and A s are constants 
which are defined where used. 
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Discussion 

L- A. Dojgdett: A number of very interesting points has been 
brought out in this paper. However, the papefr does not present 
any experimental evidence. I realize that the more complicated 
the problem, the more difficult it is to get that evidence; but at 
the same time the more complicated the problem the more im¬ 
portant it is to substantiate some of these assumptions that had 
to he made. 

J. L. Beaver: T should like to ask the authors how the lines of 
flux shown in Figs. 2,3, 4, and 5 were obtained. I am wondering 
just how accurate the authors feel those apparently assumed lines 
of flux distributions are. Has any model ever been used with 
currents? For instance, 1 was thinking of a closed circuit carry¬ 
ing currents in some sort of a liquid, in which the flow of amperes 
might be comparable to flux distribution. 

L* A. Kilgore: (communicated after adjournment) In this 
paper, the authors have made a careful study of flux distribu¬ 
tion in the machine under load, and of the resulting losses. They 


have obtained a definite relation between stator iron loss on load 
and no-load in relatively simple terms involving only slot re¬ 
actance and total leakage reactance of the machine. 

As they have stated, in order to obtain such relations a simpli¬ 
fied machine must be assumed and certain other assumptions 
made in regard to the relation between losses and densities. 
The use of a simplified machine is justified only after a careful 
consideration of the factors neglected. 

The chief difference in llux distribution from the ideal machine 
is the concentration of radial slot-leakage flux in ono or two slots 
per phase per pole for a two-layer winding. These differences 
are illustrated in the paper. It appears that for the two-layer 
windings considered, the differences are not great. Bu t for a one- 
copductor-per-slot machine near % pitch, as used in low-voltage 
two-polo turbo generators, the flux distribution in the teeth is 
very different. Due to interleaving of different pliaso belts in 
alternate slots, the densities of slot flux going radially are rela¬ 
tively high, and the resultant stator tooth loss is somewhat 
higher. 

The assumption that the hysteresis loss is proportional to 
the square of the maximum instantaneous density is consistent 
with test results on rotating machines. This fact appeared to be 
in disagreement with the observation of physicists that at higher 
densities, the hysteresis in a rotating field approached zero. 

Recently Dr. Rudenberg, in a series of lectures at the Mas¬ 
sachusetts Institute of Technology, 1 and also before the Westing- 
house engineers at, East Pittsburgh, presented the theory of 
rotational hysteresis and gave a great many experimental data. 
Simple rotational hysteresis was found to increase more rapidly 
than alternating hysteresis at low densities, but to drop off rapidly 
above 12 kilogauses. In the core of a rotating machine, the 
tangential and radial components of density are unequal and 
out of phase, resulting in an elliptical field. The combination of 
rotating and alternating hysteresis gave an increasing loss at 
much higher densities than a simple rotating field. 

The results of these tests seem to bear out quite well the 
assumption that the hysteresis varies as the square of the maxi¬ 
mum density over the range encountered in rotating machines. 1 

J. F. Calvert: In reply to tile questions by Professor L. A. 
Doggett: I do not believe that there is any possible way of 
directly measuring the variation in iron loss with load on com¬ 
mercially built machines. However, 1 should like to make a 
few observations along this line. 

By means of a large number of thermocouples, the rati? of 
change of temperature with time could be measured at various 
paints in the iron when there was a sudden (theoretically 
instantaneous) change in load. From the measured rates of 
change of temperature with respect to time and the specific heat 
of the iron, the change of loss incident to the? change? of load could 
be computed at each of these points, for it can be shown that at 
the first instant of time, all the change in loss at a point must 
be stored. At one time, we Seriously considered this method, 
but some experience with it showed that the time involved in 
such measurements would bo tremendous. We outlined this 
method, and our efforts, in a paper on Additional Lomax of 
Synchronous Machines , 2 presented before the Institute at New 
York in 1927. There is an article by M, O. Holmes on Separa¬ 
tion of Stray Losses in Turbine Generators which appeared in the 
March issue of the A. 1. E. E. Journal (j>, 224), describing 
certain tests made by him. Incidentally, these readings of liis 
seem to check our calculations of the axial ponetration of flux 
from the end with satisfactory exactness. (Compare the dis¬ 
cussions of Fig. 8 in Mr. IIolmes* paper with that of Fig. 4 in 
the present tmper). 

Summing up the measurement, by means of time-temperature 
curves, we may say that it was a possible means of check, hut 
was too lengthy a process for us to use on this job. 

1. The M. I. T. Lectures are to be published at a later date. 

2. A. I. E. E. Trans., Vol. XLVI, 11127, p. 84. 
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A number of calorimeter tests on turbine generators has been 
made by measuring the temperature rise and volume of air 
passing through a machine under steady-load conditions. Since 
about 98 per cent of the loss occurring within the frame is dis¬ 
sipated in this maimer, it follows that very accurate loss measure¬ 
ments may be made. It is our experience to date, based on quite 
a number of these tests, some at zero power factor and some at 
0.80 power factor, that the additional losses on short circuit are 
almost equal to those at normal voltage for equal values of 
armature current. This is what one would expect, if there were 
little or no change in iron loss with load when operating at 
normal voltage, and calculations by the method under question 
indicate just that. 

However, the analysis given in this paper is one of simple 
character, which can be checked step by step. If there are no 
errors in the analysis, then the results must be as accurate as 
the assumptions. Assumptions 1, 2, and 3 involve only geo¬ 
metrical considerations and their import may be readily con¬ 
sidered and checked. Assumptions 4 and 5 are in agreement 
with most Epstein tests on commercial iron at the densities used 
in turbine generators. Bibliography references 4 and 5 add some 
weight to the latter two points. Assumption 6 is unquestionably 
an approximation, but if there is little change in core flux be¬ 
tween no-load normal voltage and full-load normal voltage, the 
change in distribution must be slight. This gives some fairly 


substantial evidence to validate our analysis. We recognize 
that if is a first step toward the solution of this problem and have 
called attention to this fact in the synopsis to the paper. 

In reply to Professor J. L. Beaver, the basis for the flux distribu¬ 
tions indicated in Figs. 1,2, and 3 are described in detail in Bibli¬ 
ography references 1 and 3. These flux distributions can and 
are arrived at by purely analytical methods. However, in the 
case of the end-bell fields, they were first solved experimenally 
by means of magnetic compasses and iron filings. The use of 
electrical flow in metal templets to solve flux problems by analogy 
was described in 1915, in a paper by Professor John F. H. 
Douglas on The Reluctance of Some Irregular Magnetic Fields, 
A. I. E. E. Trans., Vol. XXIV, Part 1, pp. 1067-1134. 

Professor Douglas gives by far the most complete Bibliography 
on field mapping we know of for articles prior to 1915. We have 
attempted to add to this for the time since 1915 in the series of 
articles mentioned in our Bibliography, reference 3. 

Figs. 4 and 5 are not intended to be exact, though very con¬ 
siderable efforts were made to achieve accuracy for the calcula¬ 
tions, indicated by Fig. 4 and the discussion of that’ sketch. 

In general, I may say that our Bibliography was intended to 
give the basis for our assumptions and to justify our flux analysis. 
We realize that we should have given specific bibliographical 
references in the body of the paper to cover any. item which might 
be open to question. 



The Fabrication of Large Rotating Machinery’ 

BY H. V. PUTMAN 1 

Associate, A. I. E. E. 


T HE manufacture of machinery is undergoing a 
change— probably the most significant in history. 
From very early times man has moulded metal 
into the things he desired to make. Once moulded, 
changes in surface or outline were difficult and expen¬ 
sive. And it was the need to simplify this part of the 
process that led to the invention and development of 
modern machine tools. Thus, the conventional manu¬ 
facturing process of pattern making, moulding, and 
machining was established. 

Now this fundamental method of manufacture is 
changing. Man has learned to handle steel much as a 
carpenter handles wood. With the gas torch he can 
take it apart and with the electric arc he can put it 
together in almost any shape or form desired, elimi¬ 
nating the pattern making and moulding entirely. 
That it can be done this way more economically than 
the old way, is due largely to the low cost of steel sheets, 
bars, and shapes which form the raw material. 
Strangely enough, it was the electrical industry which 
contributed most to the development of the steel 
industry which has made low cost steel possible. And 
now the low cost of steel is primarily responsible for 
the radical change taking place in the manufacture of 
electrical machinery. 

Like other manufacturers, the Westinghouse Com¬ 
pany has been using structural steel in parts of its 
produce for many years. In fact, the use of rolled steel 
in d-c. motor frames by this company, dates back 
sixteen years or more—antedating even the general use 
of electric arc welding with the metallic electrode. 
But the general application of fabricated steel in place 
of castings in the construction of our larger rotating 
machinery, is new within the last few years, and the 
change only now nearing completion. 

Before adopting so radical a change as the substitu¬ 
tion of fabricated steel in place of castings, it was neces¬ 
sary to make a careful study to determine what eco¬ 
nomic advantages would be likely to result. Such a 
change meant the complete redesign of all lines of large 
rotating apparatus and a complete reorganization of 
manufacturing facilities. Obviously, these changes 
involved large expenditures both in the engineering 
department and the factory, and the decision in favor 

Tliis papur is not intended as a general treatment of the 
above subject. It presents some of the moro interesting exper¬ 
iences of the company with which the author is connected, in 
changing their designs of rotating machinery to employ fabri- 
catecl steel in place of castings. 

1. Section Engineer, Synchronous Motor Section, Westing- 
house Electric & Manufacturing Co., East Pittsburgh, Pa. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. L E. E., Cincinnati , Ohio , March 20-22,1929 . 


of such a change was made only after a careful com¬ 
parison of the cost with the resulting advantages. 

In many cases it was found that the use of structural 
steel permitted little, if any, saving over a good cast 
design, made with good foundry equipment and 
machined on modern machine tools. This conclusion 
cannot, however, be applied generally. Some types of 
structures showed very appreciable savings while 
others, especially small ones having high activity, were 
found to be cheaper when cast. 

Even at the same cost, however, the use of fabricated 
steel may be justified for the following reasons: 

1. The possibilities of future cost reduction are 
greater because the fabrication of steel is a compara¬ 
tively new art while the cost reduction possibilities of 
the cast construction have been largely exploited. 

2 . The elimination of patterns is a clear gain. This 
is of greatest value in large special machines where only 
a single unit is made. It applies also to large bed¬ 
plates where there are few exact duplicates and where, 
with castings, continual pattern changing was necessary. 

3. The fabricated steel design is flexible. A large 
number of different structures can be made from a 
limited number of parts by welding them together in 
different combinations. Minor changes are easily 
made. Greater strength may be had when required by 
adding additional structural members. 

4. Shorter deliveries are possible with the fabricated 
steel construction. With the foundry and the pattern 
problem out of the picture, a shorter and more direct 
manufacturing sequency is possible. In fact, the whole 
process can be done in the same shop. Greater con¬ 
centration of responsibility in the manufacturing 
organization can be had and this means greater effi¬ 
ciency and quicker production. 

5. The saving in weight due to the use of fabricated 
steel is sometimes a very valuable feature. This is 
especially true in the case of turbo generators where the 
saving in weight is greatest. Previous to the use of 
fabricated steel, a 25,000-kv-a., 4-pole generator had 
to be shipped disassembled and the armature lamina¬ 
tions and coils assembled in the customer's plant. In a 
recent case, it was possible to ship assembled a 100,000- 
kv-a. machine with the armature iron and coils in place. 
This also makes it possible to test these large machines 
for losses before being shipped, a highly desirable 
feature. 

The saving in weight is also desirable for all machin¬ 
ery used on shipboard. Usually, there is a penalty and 
bonus on weight written into contracts for such 
equipment. 

6. Fabricated steel structures are often better 
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structures than were the cast. There are many sales 
arguments to be advanced in their favor and they are 
being demanded more and more by the public. 

Most of these points were listed in the beginning as 
economic advantages of fabricated steel before the 
decision to adopt it was made. Since then, the truth 
of these statements has been demonstrated many times. 

Already, developments in the arts of gas cutting and 
arc welding are taking place, which improve the quality 
and reduce the cost. New machines, comparable with 
our best machine tools, are being built to facilitate 
the practical application of these arts to quantity 
production. 

The truth of the second and fourth points mentioned 
above was recently demonstrated in connection with 
an order for two 5000-hp., 82-rev. per min. horizontal 
synchronous motors for steel mill drive. These 
machines were urgently needed, so that short delivery 
was of utmost importance. Accordingly, a delivery of 
90 days wap guaranteed on the first machine and the 
second machine was to be delivered two weeks later. 
These motors are among the largest synchronous 
motors, in physical dimensions, ever built for an indus¬ 
trial drive. (See Fig. 1.) These were entirely new, 
new dies being required for both the armature and pole 
laminations. Steel had to be ordered special from the 
mills for the stator frame and for the spider. Inci¬ 
dentally, the slabs for the spider rim, because of their 
size and unusual length had to be rolled special. When 
these facts are considered, one may well wonder how 
such a short delivery is possible. 

The first motor was turned over to the test depart¬ 
ment exactly 82 days after receipt of order, for com¬ 
plete engineering tests. On the 90th day five cars, 
bearing the first motor, left the works for the cus¬ 
tomer’s plant. Eleven days later another five cars 
rolled out of the works with the second motor. 

This production record was made possible through 
the use of fabricated steel. There were no patterns to 
make. The whole manufacturing process took place 
in one factory under the responsibility of one manu¬ 
facturing department. A production schedule was 
formulated and carried out in an orderly fashion. The 
manufacture of other machines was not interrupted or 
delayed. A completely equipped fabrication shop was, 
of course, a necessity, and was available for handling 
this job. 

Some of the special problems encountered by the 
engineering department in redesigning the various lines 
of rotating machines are of interest. 

One of the greatest problems was to get designers to 
think clearly and with an open and unprejudiced mind 
about the fundamental design problems of fabricated 
steel. Incidentally, much new thinking was done 
about the old designs in cast iron, and it was dis¬ 
covered cast structures were designed the way they were 
designed, not because of the requirements of the struc¬ 
ture or the machine, but because of the requirements of 


foundry practise or the machine tools. Such a con¬ 
clusion seems so obvious as to be almost axiomatic, but 
a consideration of it helped greatly to establish a new 
point of view or basis of thinking for our new design 
work in fabricated steel. 

It was determined that all knowledge of cast design 
should be put aside and even the appearance forgotten 
in an effort to make new designs with open, unbiased 
minds. The requirements of each machine or structure 
should be determined, then a study should be made of 
the structural material, plates, bars, and beams to see 
how these materials could be best employed to meet 
these requirements. Sometimes our knowledge of gas 
cutting or welded joints was found to be inadequate, 
and it was necessary to call upon the research labora¬ 
tory for definite information backed up by actual 
experiments and tests. 

There had to be a definite reason for every step taken 
in our design work. What was the result? We found 
our new designs radically different from cast structures 
and usually much simpler in construction. Any 
savings were found to depend but little on reductions in 
weight, but very materially on the simplicity of the 
design, and its general suitability to the use of structural 
materials. Structural materials are partially finished 
materials and a design to be suitable for their use should 
be so made as to use the rolled surfaces of the plates and 
bars as finished surfaces in the completed structure. 
This means that much of the machine work required on 
cast structures can be eliminated when the fabricated 
construction is used—provided the design is properly 
made. 

The design of the different lines of fabricated 
machines is now completed, at least to the point of 
determining the types of the structures, and it is 
interesting to see how this point of view has been 
followed out in the different lines. 

The frame construction of the smaller synchronous 
motors and generators having the core stacked on bolts 
between two frame rings gas cut from steel plate and 
left open in the back is now well known. It is a radical 
departure from the old cast frames in appearance, 
but it is adapted to the use of structural materials and 
it fulfills all the requirements of the electrical machine 
even better than did the cast construction. Fig. 2 
shows a typical synchronous motor having this frame 
construction. 

Even the use of the bolt for holding the laminations 
instead of the old fashioned dovetail was adopted be¬ 
cause it was more suited to the fabricated construction. 
At first it was thought the use of the bolt for holding 
the core was adapted only to machines with narrow 
cores, but it was gradually extended to wider cores 
until now it is used exclusively. The 220-in. core of the 
100,000-kv-a. Hell Gate turbo generator was stacked 
on bolts. Figs. 8 and 4 show pictures of this stator. 

In the water-wheel generators the upper and lower 
brackets are of special interest because of their radical 
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departure from similar cast structures and their suit¬ 
ability to structural materials. Figs. 5 and 6 show these 
brackets and Fig. 7 a complete vertical machi ne 
Another excellent example is the frame construction 
of the new line of 3600 rev. per min. turbo generators. 
(See Figs. 8 and 9.) It is built up of plates spaced 
periodically along the core. These plates support the 
frame bolts on which the punehings are stacked and at 
the same time provide the necessary air passages for 



Fig. 1 5000-Hp., 82-Rev. Per Min. Synchronous Motor 
for Steel Mill Drive Assembled for Test 



Pig. 2 Typical Low Speed Synchronous Motor Stator 
with Fabricated Rotor in Place 

the re-entrant ventilating system. Except for drilling 
the end plates, which receive the punching bolts, the 
whole structure is produced by the torch, arc welder, and 
the bending rolls and presses in the structural shop. 
A plate on the back serves as a cover to the air passages 
and extends over the armature winding on each end 
where it meets the pressed steel end bells that are bolted 
to it. This structure is peculiar in that, while it is 
especially adapted to fabricated steel construction, it 


can hardly be distinguished from the previous cast 
structures. 

Other examples might be mentioned but one of 
especial interest is the fabricated commutator spider for 
large high-speed commutators developed as a part of the 



Fig. 3 100,000 Kv-a. Turbo Frame Showing Fabricated 
Skeleton Construction With Outside Lagging Removed 



Fig. 4 100,000 Kv-a. Turbo Generator Frame with Core 
Assembled and Lagging Partially in Place 



Fig. 6—Typical Fabricated Upper Bracket for Vertical 
Waterwheel Generators 

general redesign of the d-c. machines. The special 
feature in this construction is the support of the front V 
ring which provides flexibility in the direction of the 
shaft. The space between the V rings can thus adjust 
itself to suit the expansion and contraction of the 
commutator bars. Tests on this construction have 
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proved its superiority over the cast construction from 
the standpoint of performance. An idea of the con¬ 
struction can be gained from Fig. 10. 

Another problem of the engineering department has 
been the “appearance problem.” While some of the 
fabricated machines resemble closely their cast iron 



Fxa. 6 —Typical Lower Bracket fob Vertical Water- 
Wheel Generator 



Fig. 7— Typical Vertical Waterwheel Generator, 625- 
Kv-a., 2400-Volt, Three-Phase, 60-Cycle 200-Rev. Per Min. 



Fig. 8 —9500-Kv-a., Turbo Generator Showing Fabricated 
Frame Construction 

predecessors, many of them are radically different in 
appearance. It is a fact that what looks good to one is 
simply a matter of what he is accustomed to. If one 
is accustomed to looking at cast machines they look 
best, but as fabricated machines become more familiar 
they improve in appearance. What appears radical 
today seems commonplace tomorrow. 


This was especially true in the case of fabricated H 
beam bed-plates. They produced considerable un¬ 
favorable comment at first, because of their appearance, 
and some customers actually refused to have them. 
But it is a fact that H beam bed-plates are really better 
bases than cast bed-plates. The U section of the cast 



Fig. 9—9500-Kv-a. Turbo Generator Assbmblor 
for Test 



Fig. 10—Sketch Showing Construction of Fabricated 
Commutator Spider for Large High Speed Commutator 



Fig. 11—General View of New Fabrication Shop 

bed-plates, with its smoothly rounded comers, was not 
dictated by any requirement of the structure, but they 
were made that way so the pattern could be pulled more 
easily from the sand. The idea of grouting bed-plates 
into the top originated with the fabricated bed-plate 
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and when so grouted, its appearance is equally as good 
as that of the cast bed-plate. It is just as natural to 
grout a fabricated bed-plate into the top, as to set a 
cast base above the floor line. Architects are realizing 
this, and are designing the floors of power houses and 
motor rooms with recesses to receive the bed-plates, 
so that after the grouting is done, the floor covering 
can be placed flush with the top of the bed-plates. 
And today, no one hears a word of criticism regarding 
the appearance of fabricated bed-plates, and very 
little indeed, regarding the appearance of fabricated 
machines. 

Round comers and sweeping curves are descriptive of 
cast structures and cast machines. Flat surfaces, 
square corners, and abrupt lines are equally descriptive 
of fabricated machines. It is only a matter of time 
when they will appear equally attractive. In fact, the 
straight line and the square corner have already come 
into prominence in the design of modernistic furniture, 
lighting fixtures, and decorations. 

The major problem of the manufacturing department 
was the construction of a new fabrication shop, so that a 
brief description of the building and equipment is 
included. Fig. 11 gives a general view of the shop. 
The largest piece of equipment is a vertical bending roll 
for rolling into circles the frames of d-c. machines and 
spider rims of a-c. machines. 

There is also a 1000-ton crimping press for putting an 
initial bend in the ends of the slabs to facilitate starting 
them in the rolls. A large furnace which will take slabs 
37 ft. long, is provided for heating the slabs preliminary 
to rolling, and also, for annealing of completed struc¬ 
tures. An approach table is provided for carrying 
the slabs from the furnace, through the crimper and to 
the bending rolls. The furnace, approach table, 
crimper, and bending rolls are all controlled from a 
single pulpit located near the rolling mill. 

Another major piece of equipment is a flanging press 
used for forming the pressed steel end bells for turbo 
generators. This press has two vertical rams on top of 
100 tons capacity each, a smaller horizontal ram, and a 
lower vertical stripper ram. The end bells shown on 
the turbo generator in Fig. 9 were made on this press. 

One of the most interesting pieces of equipment is the 
shot blast room. This is a large room capable of receiv¬ 
ing the largest completed fabricated structures. It is 
entirely closed and lined with steel plate. The operator 
is dressed in a suit and helmet which resembles that of a 
diver. The floor is a steel grating. The shot drops 
through the floor and into a hopper where it is picked up 
pneumatically and recirculated. 

Here all fabricated structures are shot blasted before 
going to the assembly section, every bit of rust and scale 
is removed so that the surface resembles that of cast 
aluminum. When the paint is applied to this surface, 
there is no danger of its chipping, or scaling off, because 
it has been applied directly on the mother metal—to a 
surface 100 per cent clean. 


Discussion 

3. B. Silverman i With reference to these large machines, I 
wonder if a saving in weight is accomplished in the increased 
permeability of the material used, that is the structural steel in- 
stead of east iron. 

Li* L* Bosch: I wonder whether or not pockets are formed in 
the spokes of the large fabricated machinery, which cause more 
loss due to air friction. 

J. F. Lincoln: (communicated after adjournment) Mr. 
Putman makes the statement that the application of welding to 
small machinery does not show a saying, which I am sure he will 
find with tether experience is not true. As a matter of fact the 
percentage of saying is probably greater when made in the proper 
way than the saying shown by Mr. Putman in Iris large applica¬ 
tion, the reason being that with tlxo design shown by Mr. Putman 
much gas cutting is necessary, together with the resultant scrap, 
while in small machinery means have been devised to eliminate 
all scrap and all gas cutting. 

T.he point that Mr. Putman makes that the hardest job that he 
had was to get his organization to think in new terms of arc weld¬ 
ing, is undoubtedly the koyuote to most of the hesitation in 
adopting this new method. It is necessary if we are to use this 
now tool, to do new thinking. This new thinking is not difficult, 
—it is only different. 

H* V* Putman: The greater strength of fabricated steel, 
rather than its greater permeability, has been responsible for the 
decreases in weight which have been made in changing to fabri¬ 
cated structures. The frames of d-c. machines and tho spiders 
of low-speod a-c. machines have always boon cast steel which has 
a permeability fairly high compared with that of rolled steel. 
There has been no marked reduction in the weight of these 
parts. 

The use of H-beam spokes in fabricated spiders does increase 
the windage loss slightly, but we have found it unnecessary to uso 
blowers with such spiders to secure proper ventilation. This in¬ 
crease in windage is probably not as much as would be produced 
by the addition of blowers to an ordinary spider. Any construc¬ 
tion which improves ventilation without increasing cost, is* of 
course, a decided advantage from tho design standpoint. 

I hope Mr. Lincoln is right in his sfeatemont that small fabri¬ 
cated structures can be made to compete in cost with castings. 
Perhaps wo shall find that to be true. It is difficult to make def¬ 
inite statements regarding comparative costs of structures which 
will hold true for more than ono company. What is true in one 
company may be quite the opposite} in another. Wo have small 
eastings weighing only a pound or two which we produce at about 
the same price per pound as castings weighing several thousand 
pounds. We made fabricated steel brush holders for years and 
they wore cheap; but today wo produce die-cast holders at a 
much lower cost. 

In conclusion, I should liko to say just a word about reliability 
in connection with fabricated structures. Inspection of fabri¬ 
cated structures is probably not as oasy as the inspection of cast 
structures, because of the difficulty of inspecting the welds. 
Much depends upon the welder. We take every precaution to 
make certain that our welders are able to do the work and to do it 
correctly. They have been trained in our own welding school, 
and are required to pass rigid tests before they are permitted to 
weld on. our machinery. Each welder is required to stamp every 
weld he makes with his number so that it is possible to identify 
every weld on any machine in the shop. Should visual inspection 
reveal any defect in a weld, it can be traced back to the man who 
made it. We also occasionally inspect each operator's welding 
by chipping out a section for examination. This has a tendency 
to maintain a high quality of work on the part of each individual 
welder. 



Electrical Equipment of Bar Plate 

and Hot Strip Mills 

BY J. B. INK 1 

Member, A. I. E. E. 


T HE purpose of this paper is to describe the electrical 
features of the continuous bar plate and hot strip 
mill recently placed in service by the American 
Rolling Mill Company at Middletown, Ohio. 

Fig. 1 shows general arrangement of mill. Single 
line diagram, Fig. 2, shows the principal electrical 
connections. 

The new mill produces ingot iron and various grades 
of steel strip in gages down to 0.093 in. and widths up 
to 48 in., also plates in. thick and 60 in. wide in 
75 ft. lengths. These products are rolled from 6 in. 
thick slabs, 39 in. long, and of the width required in the 
finished product. For ease in handling and storing, 
the strip steel is coiled on leaving the last stand of the 
hot strip mill. 

The mill consists of 11 stands. The first 7 constitute 
the “bar mill" and normally reduce the sheet to about 
% in. thickness. The last 4 stands are the “hot strip 
mill.” Between stands 7 and 8 are a runout table, 
transfer, and bar piler for taking off sheet bar or other 
heavy gage product. 

The initial length of slab is 39 in. when it enters No. 1 
stand. This length of course increases as the piece 
progresses through the successive stands. When the 
length has increased to about 20 ft., as it does in No. 4 
stand, it is about equal to the minimum spacing be¬ 
tween stands possible with this type mill. Thus, the 
following stands, to be economically spaced both for 



Fig. 1—General Arrangement of Bab Plate and Hot 
Strip Mills 

conservation of floor area and heat, must be on centers 
less than the length of the piece, with the result that 
the piece, after leaving No. 4, is in two or more stands 
at the same time. This requires very close control of 
speed, as any change in speed or draft in one mill must 
be accomplished by a corresponding change in the other 
stands in the train. In rolling wide strip, wearing of 
rolls makes frequent changes in draft necessary. 

From the above it follows that stands No. 1 to No. 4 

1. American Rolling Mills Company, Middletown, Ohio. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati, Ohio, March 80-22,1929. 


are independent as regards speed while No. 5 to No. 7 
and No. 8 to No. 11 are inter-dependent. 

The independent stands No. 1 to No. 4 are each 
driven by a wound secondary induction motor and are 
equipped with fly-wheels. The motor horsepower 
varies from to Yi the total rolling horsepower, the 
balance of the rolling energy being taken from the 
fly-wheel. The output of the motor is limited by auto¬ 
matic liquid slip regulators which introduce resistance 



Fig. 2—Diagram of Electrical Circuits in Rolling Mill 


in motor secondary as the motor primary current in¬ 
creases and so permits the fly-wheel to give up stored 
energy. 

The characteristics of the first 4 stands are as follows: 


Motor 

Hp. 

Speed 

Syn¬ 

chronism 

Fly-wheel 
hp. sec. 

Gear 

ratio 

Mill 
rev. per 
min. 

Roll 

diam¬ 

eter 

Roll 
ft./min. 

X 

800 

5X4 

30,000 

35:1 

14.42 

32 in. 

121 

2 

800 

514 

30,000 

35:1 

14.42 

32 in. 

121 

3 

1000 

600 

40,000 

29:1 

20.18 

32 in. 

169 

4 

1200 

720 

40,000 

29:1 

24.3 

32 in. 

203.5 


Motors driving stands 1 to 4 and their control are 
housed in a ventilated brick and steel motor room. 
They are equipped with thermocouples in primary 
windings for checking temperature, thermostatic relays 
in bearings, and space heaters to prevent “swea ting ” 
during shutdown. Primary winding is mica insula ted 
and coil ends are braced to insulated steel ring sup¬ 
ported from stator frame to resist shocks incident to the 
service. 
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follow: ratmg and perfomlance data ot these motors due to primary current to a point where the balance 
.-volt, 8-phase, SO^ycle. 40 dee. cent ri» e > cct f <,des and “?*<”• torque is 


Motor 

Hp. 

Poles 


Efficiency 


Power Factor 

Per cent slip 
full load 

Max. torque 
times full load 

A 

X 

Full load 

K 

X 

Full load 

Nos. 1 and 2 
No. 3 

No. 4 

800 

1000 

1200 

14 

12 

10 

90.8 

92.4 

91.3 

92.8 

93.6 

93. 

93.25 

94. 

93.6 

67.8 

74.2 

78.6 

78.4 

82.3 

85.8 

82.9 
85.7 

88.9 

1.13 

1.167 

1 . 

2.9 

2.62 

2.92 


These motors are controlled from bar plate mill 
pulpit, which is similar to hot strip mill pulpit shown 
in Fig. 3. 

Motor primary is connected to main bus by Westing- 
house type OE6 oil circuit breaker. For plugging there 
is provided a Westinghouse type B2 breaker which 



record of input to the a-c. motors. Superimposed upon 
these curves of motor input are shown the actual rolling 
hp. Note that the motor furnishes directly only a small 
part of the energy used in rolling, the fly-wheel supply¬ 
ing the major portion. 

The interdependent stands 5 to 11 inclusive are 
driven by 600-volt d-c. adjustable speed motors. Due 
to the necessity for close speed regulation, and the fact 


Fig. 3—Control Pulpit, Hot Strip Mill 

This pulpit controls four 3000-hp. adjustable speed d-c. motors and 
approach and run-out tables for this mill. 

connects the motor to reverse bus. The reverse bus is 
connected to main bus by an OE6 breaker. The for¬ 
ward breaker and reverse bus breaker are automatic on 
overload and undervoltage. Thus one automatic 
breaker gives undervoltage and overload reverse 
protection to the four motors. 

Oil circuit breakers are truck type having all hot 
parts enclosed. Forward and reverse breakers are 
interlocked electrically and mechanically to prevent 
simultaneous closing. 

The motor secondaries are connected to the bottom 
electrodes of liquid slip regulators, a form of water 
rheostat in which the electrolite is a solution of sodium 
carbonate. Three top movable electrodes are con- " 
nected together and the distance between top and bot¬ 
tom electrodes is varied by the action of a torque motor 
energized from current transformers in the motor pri¬ 
mary circuit. The torque of the torque motor is pro¬ 
portional to the square of the primary current so that 
it is very sensitive to change in load. When the load 
exceeds a pre-determined amount fixed by counter¬ 
weights, the torque motor raises the electrodes, thus 
increasing the secondary resistance and reducing torque 



that the piece is in the stand a considerable length of 
time, fly-wheels are impracticable on these stands. 
The motors, therefore, must provide maximum rolling 
torque. 3 

Characteristics of stands 5 to 11 are as follows: 

All 4-high 56 in., working rolls 18 in. diameter, back¬ 
ing up rolls 36 in. diameter, roller bearings. 


Motor 

Hp. 

Speed 

Gear 

ratio 

Mill 

rev. per min. 

Roll 

ft./min. 

5 

2000 

300-500 

8.1 :l 

37.1/ 61.70 

174.7-291.0 

6 

2000 

300-500 

6.00:1 

50 / 83.3 

235.4-392.0 

7 

2000 

300-500 

5.32:1 

56.4/ 94.1 

266.0-443.0 

8 

3000 

180-360 

3.02:1 

59.6/119.2 

280.5-561.0 

9 

3000 

180-360 

2.26:1 

79.7/159.4 

375 -750.0 

10 

3000 

180-360 

1.87:1 

96.3/192.6 

454. -908.0 

11 

3000 

180-360 

1.72:1 

104.8/209.6 

494 -988.0 


The seven d-c. 600-volt motors are heavy duty type 
with low pedestal bearings and fabricated structural 
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steel bases. The3000-hp. motors, being very low speed, 
require forced air ventilation. Motors are equipped 
with bearing thermostatic relays, over speed devices, 
and heaters to prevent sweating during shut down. 
To each shaft is geared a speed indicating magneto. 
These motors are constant horsepower, speed adjustable 
by field control. Motors are compounded by use of 
series exciters. The series exciters consist of generators 
driven by 5-hp. induction motors. The generator field 
is excited by % turn of the main motor armature cir¬ 
cuit, so that the voltage generated is proportional to the 
input to the main motor. The generator circuit sup¬ 
plies a series field winding similar to the shunt winding 
on the main motors. Shunt field excitation is at 250 
volts. 

Compounding is adjusted to different motor speeds by 
a rheostat in the series exciter circuit. This rheostat 
is on the same shaft as the main shunt field rheostat so 
it is automatically adjusted with the main shunt field. 

A speed regulation of per cent was obtained in 
test of these motors. 

To avoid readjustment of rheostat after a shut down 
a resetting face plate is provided on shunt field rheostat 
so that by its manipulation full field for starting may be 
secured and the main rheostat setting not disturbed. 

In addition to the main rheostats which are motor 
operated, a hand operated fine adjustment rheostat is 
mounted in the operating pulpit. 

The d-c. motors are entirely controlled from the 
operator’s pulpit, except that emergency stop control 
switches are provided in motor rooms. They are 
started from 600-volt d-c. bus through series resistance 
and contactors using current limit accelerating relays. 
Dynamic braking is used in stopping mills. 

Motors are protected against overload, low voltage, 
field failure, and over speed. Each motor control panel 
is connected to main bus through disconnects so that 
panels may be isolated for repair without killing main 
bus. 

Rating and performance data on the d-c. motors 
follow: 

All 600 volt—Separately excited at 250 volts, 40 deg. 
cent. rise. 


For intermittent duty, on loads having high starting 
torque and requiring quick acceleration, 250-volt d-c. 
mill type series or compound motors are used. This 
includes all cranes, transfer tables, roller tables, except 
hot strip run-out table; furnace pushers, pinch rolls, 
and screw downs. The controls for these motors are 
all of the magnetic definite time limit acceleration 
type. The control panels excepting for cranes are 
arranged in groups in dust tight brick rooms. With 
each group is a spare panel which may be substituted 
for any control panel in the group by. manipulating 
transfer switches. 

Power for operating the new mill is purchased from 
the local power company at 66,000 volts. Service is 
over about four miles of double circuit steel tower 
line from the power company’s substation at Trenton, 
to a step-down transformer station at Middletown, 
built and owned by the American Rolling Mill Com¬ 
pany. The step-down transformer substation consists 
of two banks of O. I. S. C. transformers 12,000 kv-a. 
each, connected delta-delta, stepping voltage down to 
6600 volts. From the transformers the power is taken 
1000 ft. underground on 3-conductor, lead covered, 
multiple cables to the main 6600-volt distribution bus. 

Automatic oil circuit breakers are provided in the 
line at the 66,000-volt substation at Trenton and at the 
6600-volt bus at the mill. Normally a 66,000-volt line, 
transformer bank, and 6600-volt line form an in¬ 
dependent unit. No switching is done at 66,000 volts 
at the mill. However, disconnects are provided for 
isolating transformers and lightning arresters and 
provision is made for adding oil switches when required. 

The transformers and lines are of such size that one 
bank will carry the mill load and the transformer 
capacity may be increased 50 per cent by adding 
radiators. Thus even with a large increase in power 
demand the duplicate sub-station and transmission 
equipment may be used in case of interrupted service 
on the line in use. 

The main bus for distribution of power at 6600 volts 
is in two sections. Each section is supplied by one of 
the transmission units. Feeders are so arranged on the 
bus sections that one section may be taken out of 


Horse¬ 

power 



Effic 

iency 

Efficiency 

Poles 

Rev. per min. 


K load 

load 

Full load 


K load 

load 

Full load 

2000 

3000 

10 

14 

300-500 

180-360 

At 300 r. p m. 
At 180 r. p m. 

93.2 

92.5 

93.7 

93.85 

93.6 

93.8 

At 500 r. p m. 
At 360 r. p m. 

91.3 

91.9 

92.4 

92.9 

92.6 

93 


The mill auxiliaries are with a few exceptions motor 
operated; 220-volt squirrel-cage induction type motors 
with magnetic cross line starters are used for all constant 
speed continuous duty applications such as fans, pumps, 
and chain tables between mills. These motors are in 
sizes from 2 to 75 hp. They are standard sleeve 
bearing motors with drip proof covers. The cross-line 
starters provide low-voltage protection and have 
thermal overload relays. 


service for additions or repairs without a complete shut 
down of the mill. The two bus sections are tied to¬ 
gether by a non-automatic oil circuit breaker. The 
6600-volt bus and oil circuit breaker structure is of 
the safety enclosed truck type. Westinghouse type 
OE6 breakers are used on all main line and feeder 
circuits. Westinghouse type B2 are used for non¬ 
automatic applications such as bus tie, and starting 
breakers for motor generator sets. A spare truck 
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breaker of each type is provided and may be substituted 
for any other breaker. 

All 6600-volt circuits are protected by induction type 
overload relays. The two incoming lines are equipped 
with balanced reverse power and overload relays. 
These lines are similarly equipped at the power com¬ 
pany s substation and have, in addition, ground relays. 
By means of this system either transmission line is 
immediately switched off at both ends if it develops 
any trouble other than a single-phase ground on the 
66,000-volt line. In the latter case the circuit is 
opened automatically at the power company’s sub¬ 
station and an alarm is sounded at the mill to notify the 
operator to open his switch by hand. In the meantime 
no harm is done as the transformers are delta con¬ 
nected. To simplify the maintenance of relays a test 
panel is provided with load rheostat, ammeter, and 
cycle counter. This test panel is wired to a test bus 



Fig. 5—4000-Kw. 600-Volt D-C. 6600-Volt A-C. Motor 
Generators 

These machines supply d-c. power for the d-c. mill motors 

and any relay on the system may be transferred to the 
test bus by means of a “push-pull” type test switch. 
The testing of relays is a part of the switchboard 
operator’s routine. 

Three 4000-kw. 3-unit synchronous motor driven 
MG sets supply 600-volt direct current for main mill 
motors; 250-volt direct current for auxiliary motor 
circuits is supplied by two 750-kw. MG sets, and 250- 
volt excitation by a 300-kw. MG set. The excitation 
bus may also be supplied from the 750-kw. MG sets. 

Each 4000-kw., 600-volt motor generator set consists 
of two 2000-kw., 600-volt generators rigidly coupled to a 
5800-hp., 85 per cent power factor, 6600-volt, 60-cycle, 
14-pole synchronous motor. One of these units is 
shown in Fig. 5. 

The field of each 2000-kw. generator is arranged for 
125-volt excitation. The fields of the two generators 
are connected in series and excited from a 260-volt 
constant voltage excitation bus. These generators 
have straight differential and crossed cumulative series 
fields assuring equal division of the load between the 
two generators of the set. The three sets are operated 
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in parallel by the use of double pole equalizers between 
sets. 

The two 750-kw., 250-volt generators are driven by 
1080-hp., 900 rev. per min., 80 per cent power factor 
synchronous motors, and the 300-kw., 250-volt exciter 
by 432-hp., 1200 rev. per min., 80 per cent power factor 
6600-volt synchronous motor. The synchronous motor 
generator sets are started from reduced voltage supplied 
by either of two auto transformers each having capacity 
to start all the MG sets at intervals of 15 sec. 

The starting auto transformers are oil insulated self 
cooled with outdoor tanks and bushings. They are 
located outdoors and protected top and sides with wire 
mesh. 

Transfer of motors from starting bus to running bus 
and application of excitation is automatic. 

Paralleling the 600-volt d-c. machines with wide 
differences of voltage is prevented by voltage balance 
relays. 

Rating and performance of motor generators are 
as follows: 

All motors are 6600-volt, 60-cycle, synchronous, 
40 deg. cent rise. 



An unusual feature of the new mill is the equipment 
for handling the strip as it leaves the mill. 

The metal is carried from last stand to coders by a 
roller table in which each roll is direct coupled to an 
individual motor. These motors are 3-phase 88/220 
volts, totally enclosed squirrel-cage type operating on 
variable frequency from 24 to 60 cycles, rated from 0.4 
to 1 hp., speed range 190 to 480 rev. per min. The rolls 
are 10 in. diameter so that the speed of the table is from 
500 to 1260 ft. per min. The motors are grouped on 
three circuits so that one circuit may be opened with¬ 
out interrupting operation of the table. When one 
circuit is opened every third motor stops, the other two 
being sufficient to handle the material.' 

The variable frequency current for runout table is 
furnished by a 24/60-kv-a., 24/60-cycle, 88/220-volt 
generator driven by an adjustable speed d-c. motor. 
The table is started from the 220-volt, 60-eycle mill 
circuit. With this arrangement it is only necessary 
to provide a variable frequency motor generator of 
sufficient capacity to run the table. Since the starting 
current is four or five times r unning current and has a 
low lagging power factor, a much larger generator would 
be required to maintain voltage in starting than is 
required for running only. 

Three coilers take the strip steel from the last stand 
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of the mill and form it into a coil about 30 in. in diameter. 
The sheet is at a red heat when it enters the coiler and 
is cooled by water before being discharged. The coiler 
is driven by a 75-hp. adjustable speed d-c. motor which 
drives the coiler rollers through multiple spindle gears. 
The rollers bear on the surface of the coil and as the 
coil grows are expanded by a cam driven by a 5-hp. 
adjustable speed motor. The strip steel is forced into 
the coiler by a pinch roll. The machine is started 
automatically when the strip completes a circuit from 
ground to the surface of an insulated roller. 

About 30 sec. time is required to coil, cool, and dis- 



Fig. 6—Relative Values at Each Stand of Roll Speed, 
Specific Power Consumption, Thickness of Metal and 
Entering Temperature 

Specific power consumption equals hp.-sec. per cu. in. of metal displaced 


charge a strip of 12-gage steel 180 ft. long and 48 in. 
wide. 

Two hundred and twenty-volt, 3-phase power for 
auxiliary motors is from two automatic substations 
located near load centers. Each consists of a bank of 
three 200 kv-a., 6600/220-volt transformers and two 
automatic reclosing 1200-ampere, 220-volt, 3-phase 
feeder panels. A tie connection is run between sub¬ 
stations to carry part of substation load in the event of 
transformer failure. 

The 250-volt d-c. system is supplied through auto¬ 
matic redosing feeders from the 250-volt bus in the 
power distribution station. This bus is connected by 
tie lines to two other 250-volt d-c. generating stations 
in the plant. 

Lighting is provided by an overhead system of lights 
suspended from messenger wire. The messenger wire 
suspension prevents lamp breakage due to vibration of 
buildings, and permits arranging units for uniform 
light distribution. 


Illumination values (foot-candles) are as follows: 

Bar Plate Mill 3.5 
Hot Strip Mill 3.5 
Warehouses... .3. 

Switchboard and Motor Rooms 6 

Lighting service is supplied by a bank of three 75- 
kv-a. transformers, secondaries of which are connected 
to provide three 220/110 volt circuits. Wires are run 
open on specially designed supports mounted on lower 
chord angles of building roof trusses. 

Provision is made for emergency lighting so that in 
case of failure of the 60-cycle service a system of emer¬ 
gency lights is automatically thrown on to storage 
battery service until the station operator can transfer 
the main lighting to a bank of transformers connected 
to the plant 25-cycle system. 

Branch circuits are protected by circuit breakers with 
direct acting time limit feature. 

Lighting fixtures are individually fused and are ar¬ 
ranged with a disconnecting device for ease of replace¬ 
ment and maintenance. 

Both motor rooms are ventilated with filtered air. 
In the bar mill motor room the air is delivered by a 
57,000-cu. ft. per min., l]/i in. s. p. fan to the basement 
and thence to the pits under the motors. The air 
is filtered by two 30,000 cu. ft. per min. rated, rotary 
type air filters. The system is so arranged that all or 
part of the air may be recirculated and also may be 
heated by passing through a group of unit type steam 
heaters. 

The hot strip motor room is ventilated by two 



Fig. 7—Hot Strip Mill Motor Room 

This room also houses the motor-generator sets and main control 
switchboard 

70,000-cu. ft. per min., lj^-in. s. p. fans which take care 
of the heat losses from motor generators, and two 65,000 
cu. ft. per min., 3-in. s. p. fans which supply the forced 
air ventilation for the mill motors in this room. The air 
is cleaned by six 50,000 cu. ft. per min. rotary type air 
filters and may be recirculated and heated when 
necessary. 

Safety features of the installation include the use of 
truck type oil circuit breakers in which all hot parts are 
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entirely enclosed in steel housings making accidental 
contact impossible. The use of truck breakers avoids 
disconnecting switches with attendant hazards. Guards 
and barriers are placed over all bare conductors and 
moving parts of machines that would otherwise be 
accessible. High-voltage wiring and apparatus such 
as 66,000-volt substation buses, arresters, and dis¬ 
connects are made inaccessible by elevation. Rooms 
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Curves of Fig. 6 illustrate the relative value of 
different variables at each stand of the mill 
The drop in temperature between stands 7 and 8 
represents the critical range of ingot iron, between 1922 
deg. fahr. and 1562 deg. fahr., in which range the 
material may not be rolled. 

From the accompanying test data the power con- 


INK: ELECTRICAL EQUIPMENT OP BAR PLATE AND HOT STRIP MTT.T.c; 



Pig. 8 - 7 - 6 OO-V olt D-C. Aluminum B us Structure 

In basement of hot strip mill. The supports are ebonized asbestos In 
welded steel frames 

and enclosures containing exposed electrical apparatus 
are kept locked when possible and arranged so that 
there is no occasion for unauthorized persons to enter. 

All switches, starters, panels, etc., are clearly marked 
with distinguishing names to avoid confusion in 
identification. 

Conduit containing high-voltage conductors are 
painted a distinguishing color. 

The grounding system is complete in all parts of the 
system. 

Insulating mats are provided in front and rear of all 
switchboards. * 

A safety switch is installed in the leads of all motors, 
at the motors, so that when repairs or adjustments are 
made to the machines driven by such motors the 
switch may be opened and so make it impossible for 
others to start motor. 

The power required to roll steel sheets varies with 
temperature, per cent reduction, speed of rolling, kind 
of material, and diameter of roll. It is probable that 
a large part of the input to the old type mill with brass 
bearings is consumed in friction in the bearings. T his 
fact is demonstrated in comparative tests made on the 
four high stands of the mill herein described, which are 
equipped with roller bearings, and another mill making 
similar product and having brass bearings. In these 
tests it was found that the specific power consumption 
in the brass bearing mills was much higher than in the 
roller bearing mill. This difference increases as the 
temperature of- the piece falls and bearing pressure 
increases. 



Fig. 9 Series Excites Set and 600-Volt D-o. Aluminum 
Bus Structure 

sumption per ton of steel rolled is 32 kw-hr., to which 
must be added the idle friction of mills which make 
total 40.3 kw. hr. per ton, with a production of 150 tons 
per hr. To this must be added the power consumption 
of various mill auxiliaries amounting to about 800 
kw-hr. per hour, making a total of 45.6 kw-hr. per ton 
from blooming mill runout to coil storage. 


Discussion 

J. W. Bates: There is one question I should like to ask Mr. 
Gage. Referring to Pig. 6 , in regard to the specific power con¬ 
sumption, the increase in the specific power consumption is evi¬ 
dently due to the combined effect of the lower metal temperature 
and the higher rolling speed. I should like to know if any data 
were obtained to enable us to know just how much of this increase 
in power consumption is due to the high rolling speed and how 
much of it is due to the lower metal temperature. 

Referring further to the figure on power consumption of 45.6 
kw-hr. per ton, I should like to know if this represents test or 
operating results and if it pertains to the material mentioned 
further in the paper, that is, 12 -gage sheets, 48 in. wide. 

B. Ink: Referring to Mr. Bates * question regarding the 
factors that determine specific power consumption. This power 
is consumed in fluid friction in the steel and bearing friction in the 
mill. In the modern mill with roller bearings such as the last 
seven stands of the mill under discussion, the losses in mill bear¬ 
ings is probably a small percentage of the total. The fluid fric¬ 
tion, according to well known laws, varies with the viscosity and 
is proportioned to the square of the velocity. 

In the range of temperature shown, the change in viscosity 
is not great so we may suspect, until test data upon which to base 
conclusions are available, that speed of rolling is the predo minan t 
factor in fixing the specific power and that this varies somewhere 
between the first and second power of the rolling speed. 


















A New Type of Hot Cathode Oscillograph and its 

Application to the Automatic Recording of Lightning 

and Switching Surges 

BY R. H. GEORGE* 

Associate, A. I. E. E. 

Synopsis . —This paper presents a new general purpose -type of on transmission lines is described, together with circuits by means of 
hot cathode oscillograph, which employs a new electrostatic method of which the lightning surge automatically starts the beam in from 
focusing the beam. This oscillograph will operate at any beam to microseconds after the surge voltage begins to rise from zero, 
potential from 500 to 20,000 volts or more, and at any gas pressure This oscillograph was put into operation on one of the lJfi-kv. 
below SO microns . High photographic sensitivity at medium voltages transmission lines of the Consumers Power Company of Jackson, 
is attained by the use of a high intensity beam. Michigan, on August 27,1928. 

A portable form of the oscillograph for recording lightning surges * * * * * 


Introduction 

ITH the interconnection of large power systems, 
and with the rapid developments in the art of 
radio and carrier current communication, have 
come new problems many of which involve the study 
of high frequency phenomena beyond the range of the 
ordinary Duddell oscillograph. Consequently the im¬ 
portance of solving such problems has stimulated active 
interest in the development and application of the 
cathode ray oscillograph,-f a -device capable of recording 
extremely high frequency phenomena. As a result 
there have been developed, within the last decade, 
some three or possibly four general types of cathode 
ray oscillographs as follows: the low voltage hot cathode 
type of the Western Electric Company, 1 the medium 
voltage hot cathode type of Wood, 2 the high-voltage 
cojd cathode type of Dufour,® Norinder, 4 the General 
Electric Company, 6 and more recently the high voltage 
hot cathode type of RogowsM. 6 

This paper presents a new general purpose type of 
hot cathode oscillograph, capable of operating at any 
potential from 500 volts to 20,000 volts or more, and a 
special portable form for lightning recording. The 
object in developing the general purpose oscillograph 
was to produce one having sufficient flexibility to 
combine, as far as possible, the desirable qualities of the 
previous types of cathode ray oscillograph, and yet be 
simple and reliable in operation. 

Salient Features op the New Oscillograph 

Some of the outstanding features of the new oscillo¬ 
graph axe as follows: . 

1. The use of a special hot cathode electron gun 

* Research Associate,- Engineering Experiment Station, Purdue 
University, Lafayette, Ind. 

fPor a history of the development of the cathode ray oscillo¬ 
graph with complete bibliography see “Measurements in Electri¬ 
cal Engineering by Means of Cathode Rays,” by J. T. 
MacGregor-Morris and R. Mines, Journal of I. E. E., Nov., 1925, 
Vol. 63, p. 1056. 

1. See Bibliography. 

Presented at the Regional Meeting of the Middle Eastern District, 
Cincinnati, Ohio, March 20-22, 1929. 


which makes possible automatic starting and stopping 
of the beam for recording lightning surges on trans¬ 
mission lines. 

2. The use of a new electrostatic method of focusing 
the beam, effective at any pressure from about 30 
microns down to the lowest pressure obtainable with a 
mercury pump. 

3.. The entire beam passes through the high voltage 
anode, thus eliminating the problem of anode heating. 

4. Bakelite is used for insulating the high voltage 
cathode and the deflecting plates, thus reducing the 
danger of breakage. 

5. The deflecting plates are adjustable from outside 
the vacuum which makes it possible to vary the de¬ 
flection sensitivity if desired. 

6. All parts are readily accessible and easily re¬ 
placed in case of damage. 

General. The method of attack in the design and 
development of the general purpose oscillograph has 
been to gain the necessary photographic sensitivity 
through the use of a high intensity beam at a minimum 
beam voltage. The principal problem, then, has been 
Qne of devising satisfactory means for producing and 
focusing a high intensity beam over a sufficient range 
of beam voltages to insure the necessary photographic 
sensitivity. It is the solution of this problem which 
constitutes the major contribution of this paper. 

Description of the Oscillograph. A general idea of 
the appearance of the oscillograph may be gained from 
Fig. 1, which shows a portable outfit designed especially 
for recording lightning surges. Fig. 2 illustrates the 
internal construction. 

The beam is produced by an electron gun employing 
a plate voltage of 100 to 1500 volts, which drives a 
high intensity jet of electrons through a small hole 
in the plate into a . cup-shaped higher voltage cathode 
where the jet is further accelerated and focused. 

The principal object of the electron gun is to protect 
the filament, although it is made to perform other 
important functions as may be seen later. 

Referring to Figs. 2 and 3, the electron gun consists 
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of an oxide coated ribbon filament at (1), a filament 
shield at (2), and a positive electrode or plate at (3). 
The oxide coated filament provides ample electron 
emission without sufficient light emission to affect 
the photographic film. Films have been exposed as 
long as one hour without showing appreciable darkening 
from the light. The filament shield serves to limit the 



Fig. 1—Portable Hot Cathode Oscillograph for Surge 
Recording 

A Electron gun housing. 

B. Terminals of deflecting plates. 

O. Oscillograph bell. 

D. Vacuum gage. 

E. Gun voltage control. 

F. Cathode voltage control. 

G. Timing oscillator. 

H. Vacuum pump. 

I. Drying chamber for films. 

emitting area of the filament, and to protect it in case 
of flashover. With the proper spacing between fila¬ 
ment and shield, and shield and plate, a converging 
field can be produced between the filament and plate, 
which concentrates the electrons from a relatively 
large area of filament and drives them through the 
small hole in the plate. As indicated in Fig. 3, the 
plate protects the filament from the high potential 
field, and by employing a small hole for the beam to 
pass through, largely protects it from bombardment 
by high velocity ions. Arc-over between the gun 
electrodes is prevented by making the spacings small, 
and providing for the rapid escape of gases emitted from 
the hot surfaces. 

Aside from the protection of the filament, the use 
of the gun is an advantage for automatic recording of 
lightning surges, since the beam may readily be cut off 
by either removing the plate voltage or impressing a 
sufficient negative bias on the filament shield. By 
these means the filament may be held at the proper 
temperature for good emission, and full voltage main¬ 


tained on the high voltage electrodes without producing 
a beam. Then by the proper circuits the transient 
can be made to apply the plate voltage automatically, 
or reduce the bias of the shield and permit the beam to 
form in time to record most of the wave front. As 
soon as the surge has passed the beam is automatically 
cut off again. ' - 

The high-voltage electrodes are of quite radical 
design as shown in Fig. 2. The cathode (4) is a cup¬ 
shaped piece of metal with the plate of the electron 
gun forming what would be the bottom of the cup. 
The cylindrical anode (5) extends inside the cathode, 



Fig. 2—Diagramatio Scheme of the Portable Oscillograph 

(1) Ribbon filament. 

(2) Filament shield. 

(3) Positive plate. 

(4) Cup-shaped cathode. 

(5) Cylindrical anode. 

(6) Screw for raising and lowering anode. 

and can be raised or lowered by means of the knurled 
head at (6). 

The entire beam is permitted to pass through the 
anode, thus eliminating the problem of anode heating, 
and at the same time increasing the beam intensity. 
The spacing between the high-voltage electrodes is 
small compared to the length of the mean free path of 
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the electrons at pressures within the operating range, 
thus preventing a cold or gaseous discharge taking 
place. The anode extending into the cathode prevents 
electrons from bombarding the bakelite insulation, 
and also prevents flickering of the beam on continuous 
operation by shielding it from the field of surface 
charges on the insulation. 

Provision is made for inserting a diaphram at (7), 
(Fig. 2), for cutting off the small amount of stray 
emission caused by a positive ion bombardment of the 
cathode. If a diaphram is used, the hole in it is made 
large enough to permit all of the main beam to pass 
through. 

The two pairs of deflecting plates are insulated from 
the grounded metal housing by bakelite bushings. 



Fig. 3—Diagram Showing Method op Focusing the Beam 

The plates can be adjusted without breaking the 
vacuum, by the use of a special packed joint in the 
bakelite. 

No provision is made on the portable type shown in 
Fig. 1 for magnetic deflection, but the laboratory type 
is provided with a section of bakelite at (8) (Fig. 2), to 
prevent eddy currents when using deflecting coils. 
A more recent design of portable oscillograph also 
provides for magnetic deflection. 

The general purpose laboratory type of instrument 
is provided with both a rotating film drum and plate 
drum. The film drum takes film 5 in. by 30 in. with 
which the equivalent of a continuous record 140 in. 
in length can be obtained. The plate holder takes 
six 4- by 5-in. plates. The portable type shown in 
Figs. 1 and 2 is made much more compact to reduce 


volume, and takes 5-in. roll film. The oscillograms are 
2)4 in* by 5 in., although in a more recent design the 
oscillograms will be 2)4 in* by 5 in. If special long 
rolls are used, as many as 100 exposures can be taken 
with one loading. 

The Electrostatic Method of Focusing the Beam. The 
focusing of the electron jet has always been the most 
difficult problem in cathode ray oscillograph design, 
because of the natural tendency of the beam to diverge 
due to the mutual repulsion of the electrons. This is 
especially true of a general purpose oscillograph employ¬ 
ing a wide range of beam potentials, since the positive 
ion method described by Johnson 1 does not function 
well at beam potentials much in excess of 2000 volts, 
and the magnetic method becomes unsatisfactory at 
potential much below 10,000 volts. 

The most important feature of the oscillograph just 
described is the electrostatic method of concentrating 
and focusing the beam, which is effective at any beam 
potential from 500 volts to at least 20,000 volts. 

Referring to Fig. 3, the beam from the filament (1) 
is concentrated and brought to a focus at the hole in the 
plate (3), by properly proportioning the spacing be¬ 
tween the filament (1), the filament shield (2), and the 
plate (3), with respect to the size of the hole in (2), 
to produce a rapidly converging field between the fila¬ 
ment and plate. After passing through the small hole 
in the plate into the high potential cathode (4) the 
beam diverges at first as indicated by the dotted lines, 
Fig. 3, due to the momentum received from the con¬ 
verging field in the gun. 

The cathode (4) and the anode (5) are so shaped that 
the high potential field converges toward the anode. 
Therefore the electrons, in falling through this field, 
are not only accelerated in the direction of the anode, 
but are given a component of velocity toward the 
center of the beam. If this inward radial component of 
momentum of the electrons is great enough to overcome 
their force of repulsion the beam can be brought to a 
focus. It is therefore apparent that the distance 
from the cathode at which the beam will come to a 
focus depends upon the diameter of the beam when it 
starts to converge, hence the divergence of the beam on 
entering the cathode. This fact also necessitates the 
use of a large hole in the anode. 

Since the time through which the mutual repulsion 
of the electrons in the beam acts, depends upon the 
velocity of the beam and consequently upon the beam 
potential, it is necessary to be able to vary the radial 
component of the high potential field in order to focus 
the beam. This is done by raising or lowering the 
anode by means of a rack and pinion operated by the 
knurled head (6), Fig. 2. 

In practise, the anode is raised and the plate voltage 
of the gun increased to focus a high-voltage beam, and 
on the contrary the anode is lowered and the plate 
voltage reduced for a low voltage beam. The reason 
for raising the plate voltage when focusing a high 
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voltage beam is to produce the same divergence of the 
beam on entering the cathode in spite of the higher 
potential gradient there. However, focusing is not 
critical to plate voltage and it is only with large changes 
in cathode voltage that it is necessary to change the 
plate voltage. The initial size of the beam is not so 
important for low voltage beams since focusing is 
assisted somewhat by the presence of positive ions. 

Application op the Oscillograph 
A. With Continuous Beam. 

A steady beam can be produced and maintained for 
hours, if necessary, at any beam voltage from 500 volts 



Fio. 4 —Voice Record Taken with 2500-Volt Beam 

to 20,000 volts, depending upon the deflectional and 
photographic sensitivities required. 

The continuous beam permits study of the various 
forms of Lissajous figures, such as power loss loops 



Fig. 5— High Voltage Impulse Superimposed on a 50,000- 
Cycle Timing Wave. 10,000-Volt Beam 

including magnetization and dielectric loss curves, 
vacuum tube characteristics, frequency checking, etc. 
Another important use is in making long records of 
medium frequency phenomena where much greater 
photographic sensitivity is required than can be ob¬ 
tained with the ordinary oscillograph, and where it is 


necessary to obtain records free from distortion due 
to the mass of the recording element. A few examples 
are, studies of the operation of radio and carrier current 
apparatus, radio interference from corona, and testing 
voices for talking movies. 

Fig. 4 represents a section of a voice record taken with 
the laboratory oscillograph at a beam voltage of ap¬ 
proximately 2500 volts. The timing is indicated by the 
dashes which occur at intervals of 1/60 of a second. 
The diameter of the beam was less than 1/2 millime ter. 

Fig. 5 is an oscillogram of a high-voltage impulse 
super-imposed on a 50,000-cycle timing wave. Fig. 6 
is a 500,000-cycle wave having an amplitude such that 
the beam was traveling at the rate of 100 kilometers 
(62 mi.) per second when crossing the zero axis. Both 
oscillograms were taken with a 10,000-volt beam. 

B. Recording Lightning Surges on Transmission Lines. 

It was at the request of the Consumers Power Com¬ 
pany of Jackson, Michigan that the writer under the 
auspices of the Engineering Experiment Station of 
Purdue University undertook the design of a cathode 
ray oscillograph for recording lightning surges on trans¬ 
mission lines. This cooperative project resulted in the 



Fig. 6—500,000-Cyclb Wave Taken with 10,000- Volt Beam 

construction of the portable oscillograph illustrated by 
Fig. 1. • 

The recording of lightning surges presents a very 
difficult problem, in that the time at which a surge 
will occur cannot be predetermined. Therefore the 
oscillograph beam must either remain on continuously, 
or means must be provided whereby the transient, 
to be recorded, automatically starts the beam. The 
first method appears more logical since the time avail¬ 
able to get the beam under way, by the latter method, 
is of the order of a fraction of a microsecond. However, 
there are practical difficulties encountered with the 
first method which may warrant the use of the second 
method. With the first method there is the difficulty 
when using a cold cathode of producing an intense beam 
which will hold its focus for any great length of time. 
And with either the hot or cold cathode oscillograph, 
the fogging of the film, due to bombardment by elec¬ 
trons scattered from the main beam by collision with 
gas molecules, presents a serious problem. By the 
proper regulation of vacuum and electrode temperature. 
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Dr. Norinder 4 has solved both problems in a satis¬ 
factory way, but the equipment required is quite 
elaborate. 

As a result of the difficulties encountered with fogging 
when employing a continuous beam, attention was 
turned to means by which the transient could be made 



Tig. 7—Circuit foe Automatically Starting Beam by 
Switching Plate Voltage of Electron Gun 

to automatically start the beam in time to record the 
wave front. A method had already been devised in 
Germany, whereby the beam was initiated by the tran¬ 
sient and the impulse to the deflecting plates delayed by 
passing it through a cable. However, with this method 
the important question arises as to whether the impulse 



Fig. 8—Time Relation Between Applied Surge, Current, 
and Voltage Drop across Inductance in the .Equivalent 
of Pick-up Circuit 

has suffered distortion while passing through the cable. 
Since the beam of the oscillograph described in this 
paper can be cut off either by removing the plate 
voltage of the electron gun or by impressing a negative 
bias on the filament shield, it was evident that if a 
circuit could be devised for rapidly applying the plate 
voltage, or reducing the shield bias, the problem of 
automatically starting the beam might be solved.' 

Fig. 7 represents the circuit diagram for the portable 
oscillograph including a circuit for automatically 
initiating the beam by applying plate voltage to the 
electron gun. With this circuit the plate or beam 


current of the electron gun must pass through one of 
the two vacuum tubes inserted between the gun 
voltage supply and the filament. Therefore the beam 
can be stopped by applying a sufficient negative bias 
to the grid of the vacuum tubes to prevent the flow of 
plate current. Then in order to initiate the beam it is 
necessary to apply a small positive impulse to the grid 
of one or both tubes, after which the time required for 
the beam to build up depends upon the rate at which 
the electron gun can be charged as a condenser. 

The circuit for producing the positive impulse on the 



Fig. 9—Time Relation Between Applied Surge, Voltage 
Drop Across Inductance, and Terminal Voltage in Equiva¬ 
lent of Grid Circuit 

grid of one of the vacuum tubes has some desirable 
characteristics which may not be evident. The first 
important requirement to be met is that the surge to be 
recorded must produce a positive impulse on the grid 
of one of the tubes regardless of the polarity of the surge. 



Fig. 10—Circuit for Automatically Starting Beam by 
Controlling Filament Shield Potential 


This, of course, is most readily accomplished by an 
inductively coupled circuit which also has the advantage 
that the antenna of the dividing condenser can be 
insulated from the high-voltage direct current of the 
oscillograph. A rather unexpected advantage of the 
inductively coupled circuit comes from making the 
inductance such that the inductive reactance of the 
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antenna circuit is small compared to the capacity- 
reactance. This permits the charging current in the 
antenna circuit to reach its maximum well in adv an ce 
of the maximum voltage of the surge, and since the 
voltage drop across the inductance is proportional to 
the rate of change of current, it therefore reaches its 
maximum ahead of the current. The inductance is, 
however, the primary of an air core transformer, 
therefore the voltage induced in the secondary or grid 
circuit also reaches its maximum ahead of the current 
in the primary. In order to check the theory and 
determine the time relation of the secondary terminal 
voltage, i. e., the grid voltage, oscillograms were taken 
of the voltage and current relations in a similar low 
frequency circuit when the equivalent of a slow surge 
was applied. Pig. 8 shows the time relation between 



Fia. 11 —Lightning Generator Impulse which 
Automatically Started Beam 

the applied voltage, current, and voltage drop in the 
inductance. Fig. 9 indicates the relation between 
applied voltage, the voltage drop across the inductance, 
and the voltage in the equivalent of the grid circuit. 
In studying the oscillograms it must be remembered 
that in actual magnitude the voltage drop across the 
primary, and the induced voltage of the secondary are 
small compared to the surge voltage, although they are 
shown to be of about equal magnitude by the oscillo¬ 
grams. Fig. 9 shows that the capacity load corre¬ 
sponding to the grid capacity causes quite an appreciable 
phase shift in the secondary terminal voltage with 
respect to the primary voltage but that the shift with 
respect to the surge voltage is small. In order to make 
sure that the phase relations were not being affected by 
the burden of the oscillograph elements, the burden 
was greatly increased but without apparent effect. 

An improved form of the circuit shown in Fig. 10 
is employed when using a negative bias on the filament 
shield to stop the beam. Although this type of circuit 
is faster than the type shown in Fig. 7, it is liable to cut 
off too quickly on the tail of the wave unless special 


means are employed to hold the beam on. It has not 
been definitely decided which circuit is superior in 
practise, as either circuit will initiate the beam in half a 
microsecond or less from the time the surge voltage 
begins to rise from zero. Since klydonograph records 
indicate that lightning surges may reach a maximum in 
from one to ten microseconds, this circuit is capable of 
getting the beam under way in time to record practically 



Fig. 12—Installation op Cathode Ray Oscillograph on 
140-Ky. Line op the Consumers Power Company 

the entire wave. The circuit may also be used for 
laboratory work to supplant a switch or sphere gap 
for turning on the beam if wave fronts of not less than 
one microsecond are employed. 

Fig. 11 shows a record taken of a lightning generator 
wave in which the beam was automatically started by 
the surge. The surge was applied at right angles to a 
50,000-cycle timing wave. 

The portable hot cathode oscillograph. Fig. 1, 
employing the automatic beam starting feature, was 
put into operation on a 140-kv. line of the Consumers 
Power Company of Jackson, Michigan at their Black- 



Fig. 13—Lightning Surge Recorded on 140-Kv. Line op the 
Consumers Power Company 

stone Substation on August 27, 1928. Fig. 12 shows 
this installation. 

Fig. 13 shows a 170-kv. surge which occurred during 
a distant lightning storm. The surge was hardly 
sufficient to fully turn on the beam and as a consequence 
it is very poorly focused. 

A full description of the installation and results will 
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probably be presented by the Consume Power Com¬ 
pany following the 1929 lightning season. 

This oscillograph .s entirely self-contained with the 
exception of the power supply which fa taken from a 
110-volt 60-cycle source. The power required is 
approximately 700 watts. The vacuum is produced by 
a rotary oil pump although a mercury pump will 
probab y be added for use during the next riason. 
The volume of the oscillograph has been reduced to a 
minimum so that with well dried film the oil pump 
alone will produce a workable vacuum in approximately 
three minutes. The film holder is daylight loading and 
takes a standard No. 104 film. A six exposure film is 
sufficient foi eight oscillograms, although provision is 
made for sufficient film to take 100 exposures with one 
loading by the use of special film. 

Development work is being continued along the 
following lines: 

1. Further increasing the beam intensity. 

2. Focusing still higher voltage beams. 

3. The production of a linear time axis for lightning 
records. 

4. Making the recording of lightning surges more 
nearly automatic. 


Conclusion 

As a result of a long series of investigations a general 
purpose type of cathode ray oscillograph has been 
developed which is applicable to a wide variety of uses 
in the fields of science and engineering. A special 
form of this oscillograph has been developed and put 
in use for recording lightning and switching surges 
on high-voltage transmission lines. 

It is felt that this oscillograph will prove particularly 
useful in laboratories where a wide variety of work is 
handled as well as in field investigations. 

The author wishes to express his sincere appreciation 
to Professor C. Francis Harding for his continued 
interest and encouragement as well as making the work 
possible, to Mr. J. W. Raleigh for valuable assistance 
in the early stages of the work, and to Mr. J. R. Eaton 
of the Consumers Power Company for many valuable 
suggestions. 
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Discussion 

W. L. Everitt* I wonder if this new type of electrostatic 
focusing increases the life of the filament, so that, if it is made up 
in a permanent tube such as the Western Electric Company’s 
No. 224 A type, a considerably longer life would be obtained than 
is now possible with the present method of using a small filament 
worked at a high current. 

Is the filament narrow as it is shown or is it fairly wide? 

Is there any dispersion due to collision with the molecules of 
gas after it has passed through this second focusing slot No. 5? 

R. H. Georges As to the life of the filament, I believe that 
with an apparatus sealed off the life would be reasonably long, 
since the filament is well shielded from positive ion bombard¬ 
ment and the apparatus could be operated at a much harder 
vacuum than the Western Electric oscillograph. 

The life of the filament, i. e., the oxide coat, has not been par¬ 
ticularly long with our oscillograph, the maximum being 30 to 40 
hr. operation. However, the filament can be reeoated a number 
of times. The principal difficulty with filaments has not been 
caused by positive ion bombardment, but by the action of oil 
vapors which lower the emission. The emission can be re¬ 
stored usually by heating the filament in the presence of oxygen, 
providing it has not previously been heated to excessive tempera¬ 
tures. This difficulty would not be encountered with filaments 
sealed off in glass apparatus. 

The filament shown, in the diagram is quite exaggerated in size. 
It is made in the form of a ribbon 1/16 in. wide and the emission 
taken from the flat surface, which more than covers the hole in the 
filament shield. 

The film is turned up by means of a metal shaft which passes 
through a packed joint in the oscillograph housing. The vacuum- 
proof joint consists of a cotton packing on the high-pressure side 
of which is a cavity containing heavy grease. With this type of 
joint the shaft can either be rotated or moved endwise without 
affecting the vacuum. This same type of joint is employed for 
the shutter lever and the deflecting plates. 

The film drum employed when recording low-frequency phe¬ 
nomena is driven through a conical joint with a special grease seal. 
Speeds as high as 500 to 600 rev. per min. can easily be obtained 
without affecting the vacuum. 

There is some dispersion of the beam after it passes through 
the last plate, but it is not appreciable at normal operating pres¬ 
sures, i . e., pressures below 10 microns. 

It has recently been found that some of the apparent disper¬ 
sion was due to the fact that gas liberated from the metal of the 
electron gun was not escaping with sufficient rapidity around 
the high-voltage anode, and as a result electrons were being liber¬ 
ated by bombardment of the gas, giving rise to electrons of vary¬ 
ing velocity. The design has been altered to take care of this 
trouble. 




Fused Arcing Homs and Grading Rings 

Design, Construction, and Operating Experience on 66,000-Volt 
Transmission Lines of the Union Gas & Electric Company 

BY PHILIP STEWART 1 

Associate, A. I* E. E. 


Synopsis.—This paper considers the use of fuses on insulator 
strings of high-voltage overhead conductors, to interrupt the arc at 
times of flashover before the line relays operate to disconnect the 
circuit. Consideration is first given to the original development of 
this idea, in which a fuse was connected between the line conductor 
and an arcing ring, attached to the second insulator unit. When an 
excessive voltage occurs on the conductor to ground, there is a flash 
between a two-pronged horn on the top insulator unit and the ring. 


The circuit is completed through the fuse , which immediately 
opens, breaking the arc . Further consideration is given to c. later 
development of the principle , in which two expulsion type fuses 
replace the two-pronged horn at the top of the insulator string and the 
arcing ring is placed at the conductor end of the string . Data are 
presented from tests and from experience on about 100 mi. of 66,000- 
volt circuit , of the Union Gas and Electric Company , Cincinnati 
Ohio . 


Introduction 

HE general practise up to this time is to isolate 
faults at the ends of feeders or transmission 
circuits in trouble. This is done by moa na of oil 
circuit breakers actuated by relays. Lines and circuits 
so equipped immediately go out of service in case of 
faults. The fused insulator string is a device for 
isolating faults right at the point where the fault occurs, 
interrupting fault current only, and not interrupting 
the useful service of the line or circuit. 

It is now generally considered good practise to provide 
some arrangement of arcing or grading rings or horns, 
at all insulator strings of important high-voltage trans¬ 
mission circuits. Experience and tests point to this 
means of preventing cascading and possible shatte ring 
of insulators by flashovers caused by transient voltages 
on the line conductors to ground. The use of such 
devices reduces the time the line may be out of service, 
due to flashed insulators. The development of the 
fused device for insulator strings is an attempt to 
further reduce the interruptions, especially those of 
short duration caused by the line switch opening to 
clear the surge flashover and subsequent short circuit 
which may last for only a few seconds. 

One of the two generating plants in the Cincinnati 
territory is located at Columbia Park, on the Ohio 
River, about 20 mi. west of Cincinnati. This plant is 
operated as a base load station at as nearly full load as 
possible at all times. The major part of the load from 
Columbia to Cincinnati is carried over four 66,000- 
volt transmission circuits earned on two double circuit 
tower lines. These circuits are connected to Terminal 
Switching Station, north of Cincinnati. Prom 
Terminal Station, two 66,000-volt circuits connect to 
each of three major distribution substations. Two 
circuits also connect to the system of the Dayton Power 
and Light Company. 

It is very important for the operation of the entire 


system that these circuits be kept in service without 
interruptions. It is especially so on the circuits from 
Columbia to Terminal Station. When these lines 
were built, the insulator strings were equipped with 
flux controls. Six insulator units were used in each 
string. The first year’s operation was good, but the 
disastrous results of insulator flashovers and line outages 
were evident. 

Original Development 

The first arrangement using fused arcing rings con¬ 
sisted of a string of seven insulator units and was 
provided with two horns at the top and a split oval 
ring below the fifth unit. Fuse clamps were mounted 
on the ring and conductor clamp, thus shunting the 
two lowest insulators with a fuse. With the fuse in, 
the line is insulated with five units between the line 
and ground. After the fuse has been blown, the in¬ 
sulator will consist of seven units. In this way the 
flashover distance will be increased and it was thought 
that in ease a second surge originated near this point 
before the fuse was renewed, the flashover would occur 
at the next adjacent point of support. 

Tests were made with this arrangement to observe 
the performance in clearing flashovers on the 66,000- 
volt system. All 66,000-volt lines were energized into 
Terminal. . The tests were made on a line from the main 
bus. The insulator string was shunted by a piece of 
small copper wire in order to start the flashover. The 
Ime was closed in on the shorted insulator by m eans of 
the station oil circuit breaker. An oscillograph was 
used in order to obtain the short-circuit currents and 
voltages. An average short-circuit current of 2970 
r. m. s. amperes was obtained, with 9000 volts, phase to 
neutral, during short circuit. The 10-ampere 37,000-volt 
carbon tetrachloride fuses cleared in one cycle, in each 
case clearing before the relays operated to open the oil 
circuit breaker. 



1. Union Gas & Electric Company, Cincinnati, Ohio. 
Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati , Ohio , March 20-22,1929 . 
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es1 a Pushed that a power arc can be produced by fusing 
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a fine copper wire connected between the arcing rings 
of an insulator string. This method of starting an arc 
was used throughout. 

Tests were also made to investigate the performance 
of the fused rings when subjected to artificial lightning; 
first with a ring made of 134 -in. pipe, then a strap iron 
ring, and in the third case the horns were supplied with 
hemispheres. These three tests gave approximately 
the same flashover voltages and arcing characteristics, 
thereby indicating that for this short string, grading is 
not so neeessary. The average flashover voltage 
determined in these tests was 530 kv. maximum, which 
is the same as the flashover voltage between needle 
points placed the same distance apart. This indicates 
that the voltage distribution on the comparatively 
short string of insulator units does not affect the flash- 
over of the parallel gap. However, on longer strings, 
grading is necessary, and the multi-gap effect of the 
units must be overcome. 

Further tests determined the effect of artificial 
lightning discharge on the fuse alone. Ten discharges 
of approximately 6000 amperes (maximum) had no 
apparent effect upon the fuse, due to the exceedingly 
short time during which the current was flowing. This 
shows that the fuse is probably blown by the follow-up 
current and not by .initial current due to the lightning 
discharge. 

Operating Experience 

In the spring of 1927, fused arcing rings were in¬ 
stalled on two of the Columbia—Terminal circuits, and 
four of the shorter lines, leaving Terminal, totaling 
approximately 65 mi. of circuit so equipped. During 
an eight month period succeeding this installation, there 
were six cases of the fuses blowing and clearing without 



Fig. 1—Original Development of Fused Arcing Ring 
Using Carbon Tetrachloride Fuses 

an interruption to service. There were three cases 
in which the fuses failed to clear and the circuit breaker 
opened, interrupting service on the line. During this 
period, ten fuses were blown. The three service inter¬ 
ruptions were caused by the destruction of the fuses at 
the flashover points. 


It is noted that the fuses functioned properly 77 per 
cent of the time and succeeded in preventing service 
interruptions 67 per cent of the time. 

All failures of the device were due to failures of the 
fuse itself, caused by follow-up surge voltages. One 
case noted during the preliminary tests probably ex- 



Fig. 2—Later Development of Fused Insulator String 
Using Expulsion Type Fuses as Arcing Horns 

plains these failures. A blown fuse was inserted and 
an impact of very high voltage was applied. The arc 
followed a path from the conductor over the metallic 
part of the fuse within the glass tube, puncturing the 
glass, and passing over the outside to the ring and to 
the horn and ground. In actual practise, a dynamic 
arc would follow this first arc, causing destruction of 
the fuse. 

Development Using Expulsion Type Fuse 

The operation of the fused arcing rings, using carbon 
tetrachloride fuses, (Fig. 1) was successful in preventing 
a number of service interruptions on the two Columbia 
—Terminal circuits on which they were installed. In 
considering the installation on the two remaining 
circuits, a more economical arrangement of the device 
was desired. First, the added cost for the extra in¬ 
sulator units shunted by the fuses did not seem to be 
justified by the first year’s operation. Second, the 
carbon tetrachloride fuses were more expensive than 
expulsion type fuses. Therefore, the next development 
was an arrangement using two expulsion type fuses in 
place of the horn at the top of the insulator string, 
(Fig. 2) and a ring at the conductor end. 

Tests were made on various makes of expulsion type 
fuses, some the standard products of different manu¬ 
facturers and some specially designed by the Union 
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Gas and Electric Company. These tests were made at 
Terminal Station with the system set-up similar to 
that of the previous tests. In each case the fuse 
operated correctly to break the shortcircuit. The time 
required with a few ’exceptionswasone-halfcycleorless. 

Further tests to determine the conductivity of the 
fuses after they had been blown established that there 
was practically no conducting material deposited in the 
fuse holder. 

The diameter of the ring and the position of the fused 
horns were determined from tests made with the impulse 
generator of the General Electric Company so that 
flashovers on the assembled string occur from the end 
of the fuse to the ring without cascading. 

In addition to more economical construction, the 
present assembly has an advantage over the original 
in that two fuses are employed. It was established 
by tests that both fuses will not blow at the same time, 
but one will remain in good condition. When one fuse 
is blown the arcing distance on that side is greater than 
on the side of the good fuse and second flashovers go 
to the tip of the good fuse. Therefore, the device 
will function for two consecutive surges originating on 

OPERATING RECORD WITH FUSED A RCING HORNS 

Inter- 

Inter- Flashed Type of ruptions Fuses 

Iilne Year ruptions units fuse prevented blown 

1761 1926 3 30 none 

1927 2 6 S. & O. 4 9 

1928 0 0 S. & O. 1 1 

1762 1926 4 14 none 

1927 1 2 S. & O. 2 4 

1928 0 0 S. & O. 1 1 

1763 1926 1 0 none 

1927 4 18 none 

1928 0 0 Expulsion 1 1 

1764 1926 2 6 none 

1927 3 24 none 

1928 0 0 Expulsion 1 1 

1261 1926 1 0 none 

1927 0 0 S. <fc O. 0 0 

1928 1* 0 S. & O. * 2 

1262 1926 3 6 none 

1927 0 0 S &C1. 0 0 

1928 1* 6 S. & O. * 1 

861 1926 0 0 none 

1927 0 0 S. & C. 0 0 

1928 0 0 S. & O. 2 3 

862 1926 0 0 none 

1927 0 0 S. &O. 0 0 

_ 1928 _2_ 0 3, A O. 0 _ 3 

♦Flashover at substation. 

the same section of line before replacement of the fuses 
is necessary. 

Upon operation, a bright metal clamp at the out end 
of the fuse is blown off and the condition of the fuses 
can be determined by patrolmen's visual inspection 
from the ground. 

Operation in 1928 

In the early part of 1928, the fused horns and grading 


rings were installed on the two Columbia—Terminal 
circuits not previously equipped with fused arcing 
rings. During this year there were no interruptions 
to service on any of these four circuits. Although 
there were comparatively few lightning storms, four 
fuses were found blown, indicating that they had 
been effective in preventing serviee interruptions. 

For two years operation, there have been seventeen 
cases of flashovers on lines equipped with fused horns or 
arcing rings. Of these cases twelve interruptions have 
been prevented. This is an elimination of 70 per cent 
of Service interruptions. 

The accompanying table shows the operationrecord for 
the 66,000-volt tower lines during three years of service. 

Conclusions 

1. Arcing rings are essential equipment on important 
high-voltage transmission lines. Without arcing rings, 
many insulators are flashed and shattered due to cas¬ 
cading of the string. Shattered insulators mean a 
line outage for several hours caused by an abnormal 
condition existing only a fraction of a second. 

2. Fuses in the flashover circuit interrupt and pre¬ 
vent the flow of follow-up current. Since the fuses 
function in approximately one-half cycle and protective 
relays are ordinarily set to operate in not less than 35 
to 45 cycles, the short circuit will be cleared before the 
oil circuit breaker operates. 

3. The fuse is not blown by the current of the initial 
surge, but by the current of the dynamic arc. 

4. The use of fused insulator strings on the high- 
voltage circuits of the Union Gas and Electric Company 
has been a large factor in a considerable improvement 
in service and operating records. 

5. Tests and operating experience, as well as 
economic considerations, show several advantages of the 
assembly using fused horns at the support end of the 
string, over the original assembly using a fused ring at 
the conductor end. 

6. The adoption of fused horns and grading rings 
for important high-voltage lines has proved to be 
another means by which service and operation may be 
improved. 

Discussion 

R. L. McCoy: Mr. Stewart’s very interesting paper on the 
development of the fused grading shield deals with its application 
to 66-kv. transmission line. The next thing which comes to 
mind, is how far can its application be extended to higher voltage 
lines. It is conceivable that its widest field of usefulness should 
be found on 110-kv. and 132-kv. lines. We have investigated 
this quite thoroughly, and there is now a fuse available which 
we believe will make this device practical for lines at these volt¬ 
ages. We have tested this very carefully in the laboratory and 
it worked perfectly. Of course, the final answer lies in field 
operation, and we are making arrangements for some small field 
installations during the coming lightning season which we hope 
will give some experience by the end of the season, so that there 
will be a definite basis for recommendations on 110- and 132-kv. 
lines by next Fall. 
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S. M. Ham ill, Jr.: I think that Mr. Stewart has been a 
little modest in what he said about the fused grading rings. I 
notice the article states, “An average short-circuit current of 
2970 r. m. s. amperes was obtained, with 9000 volts phase-to- 
neutral during short circuit.’ 1 That, of course, is the drop from 
the point in the transmission line to what approximates the sub¬ 
station neutral, or rather what approximates a very good ground 
at the substation, and is not the actual phase-to-neutral voltage, 
open circuit, which was approximately 38,000 volts instead of 
9000. 

The second point I should like to bring up is that it is im¬ 
possible to set the induction-type relays low enough so that they 
will clear with the fuses. In other words, we are not hindered 
in the relay settings by these fuses. We can set our relays at 
the minimum setting, namely, about 9 cycles, and still have 
the fuses clear ahead of them. As a matter of fact, all our low- 
setting relays are set at this valve on those transmission lines, 
which are protected by Mr. Stewart’s fuses. While Mr. Stewart 
emphasized a very important item from the point of view of 
transmission-line maintenance, namely, the prevention of damage 
to insulators, I think that the most important item is the pre¬ 
vention of the line outage itself. 

C. L. Fortescue: We at the Westinghouse Company have 
been working along similar lines, our idea being to incorporate 
into the insulating string the characteristics of a lightning 
arrester. This is really not in itself fundamentally a new idea. 
For instance, in wood poles we have an action due to the wood 
pole insulation, that is very similar to that in an arrester. If the 
lightning strikes the line and the wood pole functions as an 
insulator, so long as the pole is not ruptured the dynamic arc 
will not follow the flashover, and you have something very much 
like an arrrester action. 

Of course, the trouble with a wood pole is that it is liable to 
rupture, due to a heavy lightning stroke, and of course in that 
case you get an outage. If we could incorporate in the string 
itself the properties of an arrester, we would have something 
that would be nearly ideal, because when the lightning stroke 
hit the line, the resulting voltage of the surge being too high for 
the insulator, it would function as an arrester and it would 
absorb the surge. The characteristic of an arrester would cut off 
any dynamic following current, and we would go right ahead 
without any interruption. 

O. S. Clarks It should be of interest to know that, in con¬ 
nection with the statements of Mr. Fortescue regarding the per¬ 
formance of lightning on wood structures, one of our companies 
has a line in the construction of which is incorporated a large 
amount of wood insulation, and that in a number of cases in 
which the wood material has been ruptured by a lightning 
discharge, the service has not been interrupted. 

In connection with the design of the fused horn and grading 
ring described by Mr. Stewart, the laboratory work that we 
have done, we believe, shows that it is possible to apply the device 
to any form of transmission-line insulation. The problem for 
any type of insulator and for any length of string is an individual 
one and it must be worked out, I should think, in an experimental 
laboratory before any conclusion can be reached. While the 
device is applied, at this time, to suspension strings only, there is 
no doubt that, if economically desirable, its application can be 
worked out for lines using insulators of the pin type. 

There is one question that very likely occurs in the minds of 
many in connection with the double fused horn and grading 
ring assembly, and that is the possibility of flashes occurring at 
both fuse tips simultaneously. Laboratory tests have shown 
that in a very small percentage of the cases when the assembly 
was sparked over by the impulse generator, this did occur. The 
probability of such occurrences is too low to consider in its 
application. 


H. C. Don Carlos: In discussing Mr. Stewart’s paper, I 
wish to comment particularly on his conclusion No. 1 wherein 
he states that “arcing rings are essential equipment on important 
high-voltage transmission lines.” 

The Hydro Electric Power Commission has in operation 
approximately the following mileages of'high-voltage lines which 
are equipped with suspension insulators. 

220 kv.—25 cycles— 203 circuit miles 
110 kv.—25 cycles—1125 circuit miles 
110 kv.—60 cycles— 200 circuit miles 
Less than 110 kv.—25 cycles— 127 circuit miles 
Less than 110 kv.—60 cycles— 194 circuit miles 

None of these lines is equipped with arcing rings and our 
flashovers on the 110-kv. 25-cycle system have been at the rate of 
1.25 and 1.53 per 100 mi. of circuit during 1927 and 1928 re¬ 
spectively. I believe that there has been no case in which a 
string of insulators has been damaged to the extent that the line 
would not go back into service. 

The 220-kv. transmission line was put in service October 1, 
1928, and, of course, has not yet passed through a complete 
lightning season. We have therefore no data as regards the 
performance of this line throughout a complete season, though 
there was at least one rather severe lightning storm last fall in 
the district traversed by this line, and also a few this spring. 
While we have had four outages on this circuit, these have all 
been due to foreign interference and as yet there has been no 
evidence of a flashover occurring on this circuit. We therefore 
do not anticipate any serious trouble from lightning. 

As regards our 60-cycle, 110-kv. lines at the head of the Great 
Lakes supplying Port Arthur and Fort William, about 70 circuit- 
miles have been in service eight years without a single flashover, 
and the remaining 90 circuit-miles, which have been in service 
4 years, have experienced a few flashovers, but in no case has an 
insulator string been damaged to such an extent that the line 
would not go back into service immediately. 

While these lines can be returned to service immediately, 
there are in some cases one or two units in the string which are 
damaged, but these are located during line patrol and replaced 
at our convenience. 

While there is no doubt that grading ring should, from a theo¬ 
retical consideration, be of advantage in reducing the tendency of 
arcs cascading over the insulators, it would seem that if these are 
not properly mounted they may cause more trouble than they 
eliminate. The necessity, or desirability, of grading rings with 
present transmission voltages is a debatable question, but if the 
transmission voltage continues to increase it will undoubtedly 
be necessary to employ some means of improving the potential 
gradient over the insulator string so as to keep the voltage stress 
on the units next to the line below their flashover value. Practi¬ 
cally, it is believed that wind conditions existing during flashovers 
are fairly effective in keeping the arc at a sufficient distance 
from the insulator strings so that in the majority of cases, no 
serious damage is done to the insulator string. 

I am certainly interested to know that the Union Gas and 
Electric Company considered the expense of increasing their 
insulator string from six to seven units (one illustration shows 
eight units) and equipping them with this elaborate fuse pro¬ 
tection as justified. It would seem that it would be very difficult 
to get a comparison of the performance of these circuits on a 
satisfactory basis to prove .that these fuses were of value. For 
instance, would the service not have been improved to the same 
extent by adding the one or two units per string without equip¬ 
ping the strings with the grading rings and fuses? It must be 
expected that there will be many more flashovers on the reduced 
string than there would have been on the string without this 
equipment and such as might have occurred might not have 
resulted in service interruptions. 
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While no information is given regarding the four circuits be¬ 
tween Columbia Park and Cincinnati Terminal (20 mi.) except 
that they were carried on two separate tower lines, it would seem 
quite reasonable to expect absolutely continuous service between 
these points if suitable relay protection were applied. However, 
if the relay equipment .is opening the breakers in 35 cycles 
(0.58 sec.) it would seem that this is quite adequate protection 
and should be fast enough to ensure against permanent damage 
to the insulator in the event of a flashover. It is presumed that 
the relay protection has hot been changed coincident with the 
change in insulator. No information is given about the grounded 
sky-wire protection applied to these circuits, nor is any mention 
made of the condition of the system neutral. We have found 
that a grounded sky wire properly applied has greatly improved 
conditions as regards flashovers on several of our lines and this is 


quite definitely standard practise with us now. Our 110-kv., 
25-cycle system operates with a resistance-grounded neutral 
while the 60-eycle systems have the neutrals dead grounded. It 
might also be mentioned that we have not found a very heavy 
percentage of eases where trouble on one circuit of a tower line 
is communicated to the other circuit on the tower. 

Philip Stewart: I might say briefly that the trouble we 
experienced was due to flashovers on two or three circuits at one 
time. In one case we had complete shutdown of all the circuits 
due to flashover on three circuits. I think there is considerable 
difficulty in comparing service records and requirements of one 
company with those of another company. You have to take 
into account the number of lightning storms, and perhaps there 
is quite a little difference in the various localities that have been 
mentioned. 



Operating Experience with the Low-Voltage 

A-G. Network in Cincinnati 
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Synopsis . This paper describes briefly the operating experience with their subsequent solution. The results obtained from fifteen 
and problems which have resulted from the installation of a four- months operation of this system indicate that, with reasonable care 
wire, 120/808-volt secondary network system with combined light and in layout and selection of equipment, no operating problems of 
power mains: The problems with reference to network equipment, major importance will be met. 
voltage regulation, and operation of consumers' equipment are stated ***** 


Introduction 

HEN the a-c. low-voltage network system was 
inaugurated in Cincinnati, a comparatively 
slight amount of published data was available 
concerning actual network operating experience, and 
as might be expected, the operation of this system 
introduced a number of problems concerned with the 
design and operation of equipment, also with the 
success which could be attained with the application 
of the network system to various types of customers’ 
equipment. During the period of fifteen months since 
the first network installations were placed in service, 
these problems have been treated in various manners 
and with varying degrees of success, and in this paper 
an attempt will be made to present the most interesting 
of these together with the steps taken for relief. 

The a-c. network system here was designed ulti¬ 
mately to replace the existing three-wire d-c. Edison 
network in the congested business district of the city, 
a section approximately one mile square, with a peak 
Edison system load of 24,000 kilowatts. The ultimate 
layout of the system provides for the installation of 
eight 13,200-volt feeders with a transformer vault 
located at each intersection in the network district 
and between intersections where the load warrants, 
with an ultimate capacity of approximately 40,000 kv-a. 
Transformer banks of 300- and 450-kv-a. capacity 
with 10 per cent impedance and secondary mains of 
400,000 cm. cross section were made standard, using a 
four-wire, 120/208-volt star connected secondary with 
combined light and power mains. Single line diagram 
showing schematic arrangement of the system is shown 
in Fig. 1. 

The original installation consisted of two high-voltage 
cable feeders with transformer banks interconnected 
by secondary mains as required to serve certain new 
loads in the network district. As other new loads 
have developed and as a certain amount of changeover 
from direct current to alternating current has been 
effected, extensions have been made as necessary, at 

1. Electric Distribution Dept., The Union Gas and Electric 
Co., Cincinnati, Ohio. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. 1. E.E., Cincinnati, Ohio, March 20-22, 1929. 


all times working toward the ultimate layout of the 
system. Fig. 2 shows the two-feeder network as 
operated at the present time. As the load increases 
and as additional vaults are installed, this system will 
be increased to a three-feeder, then a four-feeder, and 


sub-station 



Fig. 1—Single Line Diagram Showing Schematic 
» Arrangement op Low-Voltage Network 



SQUARES INDICATE LOCATION OP TRANSFORMER VAULTS 


Fig. 2 —Diagram op Two-Feeder Network Operated at 
Present Time 

ultimately to an eight-feeder layout. The four-feeder 
installation which completes the symmetrical layout of 
the network is shown in Fig. 3. 

Network Equipment Problems 
With the slight amount of load served by the first 
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network installations, it was natural that the first 
problems to be encountered were concerned with 
the network equipment and particularly with the 
automatic network circuit breakers. It should be 
mentioned here that a number of the problems en¬ 
countered was the result of the extremely small load 
on the network at the start and is of importance, 
not so much from the standpoint of service, but rather 
from the experience gained in the operation of the equip¬ 
ment under this condition. 

The first problem arose from the operation of various 
elevators connected to the network. In one new 
building where unit multi-voltage type elevators were 
installed and where the lighting load was at the time 
rather small, it was found that at certain times the 
network breakers would open due to a power reversal. 
Investigation of this condition revealed that this type 
of elevator, or any type of elevator using regenerative 
breaking, might feed a sufficient amount of power into 
the network to trip the breakers which were set for a 
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Fro. a—S chematic Diagram of Four-Feeder Network 

Layout 


reversal of approximately 5 amperes, which is con¬ 
siderably less than the energizing current of the trans¬ 
formers. Tests showed that the magnitude of the 
reversal at times reached a value of 15 kw., or more 
than one-third of the normal demand of the elevators. 
In order to correct this condition, heavier magnets 
were installed on the three-phase relay with some 
slight success and later the. gradual increase in the 
lighting load served to absorb the reversal. 

Later, additional work in connection with this same 
problem in other parts of the system led to further 
adjustment in the contact springs of this relay, so that 
the current required for tripping was just below the 
magnetizing current of the transformer. Although 
not working perfectly, this served to eliminate practi¬ 
cally all complaints, which ordinarily would have 
continued throughout the time the transformer banks 
were lightly loaded. 

After the previous problem had been investigated, a 
severe pumping of breakers under light load conditions 


was noted. This condition could not be attributed to 
power reversal, and a further investigation indicated 
that it was due to the slight phase angle difference 
between the two primary feeders which originated at 
different substations. This pumping effect should have 
been prevented by the operation of the single-phase 
breaker relay which is designed to control operation of 
the breaker on phase differences. A check into the 
operation of this relay indicated that the relay potential 
elements were reversed. 

While the correction of the connections eliminated 
pumping, it resulted in a number of the breakers on 
one of the feeders remaining open a considerable part 
of the time. 

When a load of even moderate size was thrown on 
and off intermittently in the vicinity of one of these 
breakers, severe voltage variations were noticed due to 
the breaker opening and closing. Since satisfactory 
service could not be rendered under those conditions, 
one of the feeders was extended to a generating station 
which reduced the difference in phase angle between 
the feeders from 2 deg. to practically zero, and 
eliminated this trouble. 

The large number of breaker operations caused both 
by elevator reversals and by pumping due to phase 
angle difference, and later by variations in load, re¬ 
sulted in considerable attention to the mechanical 
features of the breakers themselves. A number of 
failures of breaker trip and closing solenoids was ex¬ 
perienced, and in order to insure satisfactory operation, 
it was found necessary at this time to make a complete 
inspection of breakers as often as twice weekly. The 
number of breaker failures caused a great amount of 
consideration of breaker design and construction, 
particularly with respect to breaker life and to acces¬ 
sibility for repair. 

The failures could be divided into two classes: failure 
to trip due to faulty trip mechanism, or to poor ad¬ 
justment; and the burning out of closing coils on 
solenoid-operated breakers due principally to the 
tendency of the auxiliary contactor switches to weld 
closed, leaving the closing coil energized after the 
breaker had closed. 

The failure to trip was solved primarily by the re¬ 
placement of the old trip mechanisms with a new type 
developed by the manufacturer. In the case of dosing 
coil failures, it was considered advisable to install 
some type of fusing in both the auxiliary and the main 
closing drcuits, especially since it was so difficult to 
replace breaker parts due to the inaccessibility of the 
breaker when mounted in a submersible case. Tests 
were made on various types of fuses to secure the proper 
fusing characteristics, and finally link type thermal 
cutouts were installed so as to protect both the auxiliary 
and the main closing solenoids as shown in Fig. 4. 

The idea of similar protection in the trip circuit was 
abandoned since it was considered undesirable to 
jeopardize the tripping function in any way. The 
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difficulty of replacing parts on submersible breaker or submersible cases, and also tests of voltage drop across 
of removing a submersible breaker from the case with- breaker contacts to indicate faulty contacts or breaker 
out cutting the secondary leads resulted in providing overload. No attempt is made to adjust network relays 
that the panel supporting the breaker parts should be in service but a schedule is maintained whereby all 
divided into three parts, the upper and lower parts relays on the system are returned to the laboratory 
supporting the breaker terminals and the middle for test at least once every three months. Better 
panel supporting the operating mechanism, this last facilities for test are available in the laboratory than 
so desired as to permit easy removal from the case in the field, and it is considered advisable to make all 
for maintenance or repair. tests on this important piece of equipment under the 

As a check on the condition of the trip mechanism of best possible conditions, 
all network breakers, each primary feeder was opened One function of the network which is of primary 
daily during light load period, which gave an immediate interest is its ability to burn clear any secondary 
indication of the failure of any breaker to open. It faults. Due to the fact that the secondary mains 
probably served to keep the operating mechanism in a installed here were composed entirely of new cable, 
more flexible condition as well. the experience with secondary faults has been limited. 

The behavior of some of the network breakers in In the few cases which have been observed, the faults 
service showed the necessity of more rigid laboratory have all cleared with no noticeable effect on network 
tests before placing them in service than had been service. One of these faults occurred in a splice, a 


TO NETWORK 



Fig. 4—Simplified Diagram of Solenoid-Operated 
Network Breaker 

made before. With this in mind, additions were 
made to the acceptance test procedure which resulted 
in considerably less trouble in the field. 

The laboratory tests are made primarily to reveal 
any mechanical or electrical defects due to manufacture 
or damage in shipment, and are used at the same time 
to check operating adjustments before the breakers 
are placed in service. These tests include inspection 
of electrical and mechanical parts, adjustment of 
settings of closing and tripping features, adjustment of 
contact pressure, and finally a detailed adjustment of 
three-phase and single-phase relays to operate cor¬ 
rectly at the specified settings. 

After the breakers are placed in service, certain 
routine tests are made in connection with the network 
inspections. These tests include checks on the opera¬ 
tion of the tripping solenoid and of the closing mecha¬ 
nism, air pressure tests to assure the tightness of the 


very severe test of the ability to dear, and even in this 
case the action was entirely successful, although the 
time of dearing was evidently prolonged much more 
than in the case of a fault in the cable itself. 

Attention has also been devoted to assure in the case 
of a high-voltage feeder fault and the failure of a 
breaker to trip, that there will be a sufficient amount 
of secondary feed to blow the breaker fuses. In the 
case of breakers installed in connection with the 300 
kv-a. transformer banks spaced farther than 450 ft. 
apart, it was considered advisable to replace the 2000 
ampere fuses with 1500 ampere fuses which will blow 
more readily in case of a breaker failure and will still 
permit the feed of a sufficient amount of power into 
the network to clear any fault in a normal length of 
low-voltage cable. 

Only one high-voltage fault has been experienced on 
the network, in this case the failure of a transformer 
bushing. The oil circuit breaker opened on current 
to ground and all breakers cleared successfully, but the 
fault is of some interest due to the difficulty in locat¬ 
ing it. 

The usual method of locating high-voltage cable 
faults has been to break down the insulation resistance 
at the fault, to circulate about 30 amperes direct current 
through the coriductor and back through the lead 
sheath, then to locate the fault by means of a milli- 
voltmeter used to indicate the direction of flow of 
current in the sheath. An attempt to apply this 
method to the location of the network fault proved 
unsuccessful, however, due to the large number of 
return paths for sheath current since the cable sheath 
is grounded to the transformer case and the in 
turn is grounded to the neutral. In attempting to 
follow this method, a number of conflicting and mis¬ 
leading results was obtained. 

Another method of locating primary network fault 
has since been devised, and tests on this method have 
been quite satisfactory. Essentially this procedure is 
to break down the fault and circulate about 30 amperes 
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direct current through the faulted conductor with 
return path through the sheath as given in the previous 
method. The sheath current on the faulty primary 
cable is then neutralized in the various manholes by 
current supplied by a storage battery. The direction 
of the fault is shown by the effect of the fault current in 
the conductor on a compass needle. 

Diagrams of these two methods are shown in Fig. 5. 
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Fig. 5—(a) Usual Method of Location of High-Voltage 
Cable Faults 

(b) Method op Location op High-Voltage Net- 
wgbk Feeder Faults 


Regulation 

Regulators were not installed on the primary feeders 
until some time after the network was in service. Two 
single-phase regulators, connected open-delta and 
mechanically interconnected, were installed on each 
feeder. A slight difference in secondary phase voltages 
noticed soon after they were in service was remedied by 


Although the load both in kw. and reactive kv-a. had 
divided fairly evenly between the feeders with the 
regulators not in service, it was found that when in 
service, the kv-a. load on one was at times more than 
double that of the other. Tests showed that there was 
little difference in phase angle between the voltages 
impressed on the regulators, and also that changes in 
compensation failed to improve matters. It was finally 
discovered that one set of regulators was not operating 
properly due to an improper internal connection in the 
regulators. 

When this was corrected, the compensation was 
arrived at by trial and during the comparatively short 
time since this correction has been made their operation 
has been satisfactory. 

It may be of interest to note that there is no connec¬ 
tion either mechanically or electrically between the 
two sets of regulators, one set of which is on a feeder 
from a generating station, the other on a feeder from a 
substation fed from this generating station and supply¬ 
ing both d-c. load and a-c. load through 4000-volt 
feeders. 
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Fig. 6—Voltage Charts from Representative Network 

Services 

mechanical adjustments in the gearing between the 
two regulators on one of the feeders. Because of the 
possibility of causing pumping and also because of the 
various types of load connected, no attempt was made 
to regulate to any one point on the secondary, but 
rather to regulate to imaginary points approximately 
half way through the secondary of the transformers, 
using the same compensator setting on each feeder. 


Fig. 7—Line Diagram op Double Transformer Vault 
Installation 

Four general types of load are supplied by the net¬ 
work: manufacturing, hotel, office building, and thea¬ 
ter. The charts shown in Fig. 6 are typical of voltage 
on consumers’ premises, and indicate that regulation 
on the above basis gives very uniform voltage through¬ 
out the system in spite of the various types of load 
served. 

There have been no disturbances on the network 
since the regulators have been in operation, hence no 
data have been obtained as to their behavior under 
such conditions. 

Another problem of regulation has been to prevent 
the starting current taken by large motors from 
affecting the lighting service. The results obtained by 
the use of reactors in the secondary bus in large build¬ 
ings requiring more than one transformer bank indicate 
that it is practical to eliminate all effect whatever on 
the lighting voltage. A single line diagram of this 
plan is shown on Fig. 7. 

This solution naturally could be used only where 
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more than one transformer bank was installed. In 
other cases requiring only a single transformer, it was 
found necessary to take other steps to reduce the start¬ 
ing current of the motors. This has been accomplished 
by reconnection of the starters. It has resulted in 
requiring a longer starting time, but in no case have 
there been complaints on this account. 


NETWORK PROTECTOR 



ELEVATION 

Fig. 8—Standard Sidewalk Vault for Installation of 
One Three-Phase Transformer 


It is felt that the requirements on starting current 
for motors connected to the network should be more 
stringent than for other parts of the system, and regu¬ 
lations are contemplated requiring the use of increment 
type of starters on motors on which the starting cur¬ 
rent is apt to cause light flicker. 

The use of this type starter on 200-hp. motors con¬ 
nected to compressors has resulted in no noticeable 
variation in the lighting voltage. 

Operating Problems on Consumer’s Equipment 
Since 120 volts for lighting had been standard on the 
distribution system in Cincinnati for a number of 
years, there was no reason for deviating from this for 
the network, especially since it offered more nearly 
rated three-phase voltage for motors. 

It is recognized that a motor operating with 75 per 
cent or less of rated load will give just as satisfactory 
service when operated on 208 volts as when operated on 
220 volts and as had been expected, the greater part of 
the motor installations to be changed to the network 
service were found to fall in this class. 

Auto-transformers have been installed for hea ting 
units rated at 220-240 volts and, in a few cases where 
contracts made with customers prior to the installa¬ 
tion of the network contained clauses requiring 240 


volts, three-phase service for power. However, it is 
no longer the practise to install them for new loads. 

Design and Construction Details 

Figs. 8 and 9 show the construction details of side¬ 
walk vault which are typical of a majority of the 
installations here. In the case of the double vault, 
the breaker compartment is located within the building 
wall, while the single vault is located entirely within 
the sidewalk. The transformers are of the type ordi¬ 
narily used for low-voltage networks with grounding 
switch on the high side having line open, ground, and 
closed positions. A holding coil energized by the 
secondary of the transformer prevents the operation 
of the switch when the transformer is energized. Both 
open and submersible type network breakers are used, 
the former when installed in buildings, the latter in 
sidewalks. ' Transformers are of the submersible type 
in all cases. 

Transformers first installed had the grounding switch 
in the transformer case. In those now used, it is 



ELEVATION 

Fig. 9—Standard Sidewalk Vault for Installation of 
Two Three-Phase Transformers 

contained in the high-voltage pothead. This change 
resulted in a considerable reduction in size and weight 
of the transformer, and in addition allows such work 
as change of oil to be done by throwing the grounding 
switch to the open position instead of keeping open the 
primary feeder as was necessary in the case of the 
original transformers. 



























July 1920 


P1NCKARD: LOW-VOLTAGE A-C. NETWORK 


901 


While some single-phase transformer banks have 
been installed, the simplicity of installation of three- 
phase transformers has made them much more 
desirable. 

From the standpoint of accessibility, both for in¬ 
stallation and removal of equipment, and for operation, 
it has been the experience here that sidewalk vaults 
are preferable to those in buildings, especially where 
there is no direct connection between the building vault 
and the outside. 

In order to prevent the necessity for phasing out from 
substations where additional transformer banks are 
being cut in, the practise of marking each phase in 
every splice by means of various colored tapes has been 
resorted to. This has resulted in a considerable saving 
of the time required for any such work on primary 
feeders. It also renders unnecessary any phasing 
whatever in replacing a faulty length of primary cable. 

Equipment Characteristics 

At the time the network breakers were purchased, 
they were available in both the holding coil and shunt- 
trip type. The latter type was selected because of the 
possibility that voltage disturbances of a general nature 
on other parts of the system might cause unnecessary 
outages of the network due to the inability of the 
holding coil type breakers to remain closed on voltages 
lower than 35 per cent of normal. It was later found 
that this choice prevented a number of these outages, 
which while possibly not serious, were certainly not 
desirable from the standpoint of rendering first-class 
service to consumers. 

In the selection of the amount of transformer im¬ 
pedance necessary, it was felt that this should be the 
maximum commensurate with satisfactory regulation. 
While the use of high impedance transformers reduces 
the size of secondary mains allowable due to limiting 
fault currents, this can be overcome by the installation 
of more than one set of mains where necessary, which is, 
in most cases, the most economical method to use in 
building up the secondary system. Transformer im¬ 
pedance of 10 per cent such as has been in use in Cin¬ 
cinnati has worked out very satisfactorily both from 
the standpoint of regulation and even distribution of 
load between transformer banks. 

Conclusion 

As has been stated before, the difficulties encountered 
were not of major importance and investigation as to 
their causes showed that the remedies to be applied 
were after all comparatively simple. They did serve, 
however, to bring out many of the main features to be 
considered in the layout of the system and in the 
selection and maintenance of the equipment. 

It has been the aim here to furnish a-c. service to the 
downtown district comparable in reliability with that 
of the Edison system. Since there have been no in¬ 
terruptions in service other than local ones during the 


fifteen months that the low voltage network has been 
in operation, it is felt that this has been accomplished. 


Discussion 

L. L. Bosch: Mr. Pinckard’s paper describes a two feeder 
a-e. network system which is probably the most difficult to 
operate. Should a fault occur on one feeder wliilo the other is 
cut out of service, the system fails. Mr. Pinckard and his 
entire operating personnel have operated this typo of system 
for fifteen months without fin interruption. L think that they 
are to bo highly oomplimonted. 

Since that time a third primary feeder lias been added to the 
network, which materially reduced the operating hazards. Dur¬ 
ing tho fifteen-month period, the connected transformer capacity 
lias been increased from an initial of 2000 kv-a. to a present of 
15,000 kv-a. 

The mechanical troubles with the a-c. network equipment 
which Mr. Pinckard described, 1 boliove, show that tho a-e. 
network is reliable rather than the contrary which might be 
believed at first. First, the mechanical troubles wore numerous 
and difficult to overcome, but yet they did not cause an inter¬ 
ruption to the system. In other words, the network is designed 
such that one, two, three, or any reasonable number of protectors 
may fail simultaneously without an interruption to the systom's 
service. 

It is believed that the question of starting currents of the 
motors on tho a-c. notwork system should be given more con¬ 
sideration. In the d-c. system, it was necessary to have starting 
apparatus for tho protection of tlio motor itsolf and of tho con¬ 
nected mechanical apparatus. Many customers have come to 
tlio conclusion that sinco the a-c. motors are solf-starting, nothing 
else need be considered, and that starting apparatus is unneces¬ 
sary. They neglect ontirely the question of line-voltage regula¬ 
tion. Motor starting currents on tho network, as described by 
Mr. Pinckard, have been limited to increments of 100 ampores 
per Yi sec. This is calculated to give a voltage dip incident to 
starting the motor not greater than 2 per cent. 

Tho quality of service delivered from this network indicates 
that this rule is justified. 

H. C- Graves, Jr.: (communicated after adjournment) The 
difficulties Mr. Pinckard has experienced are typical and can bo 
attributed to the breaker control equipment, and should not ro¬ 
ll c?ct on tlio a-c. low-voltage distributing system. Sinco the con¬ 
trol and protective equipment is lho weak link in the system, 
and sinco improvement here is most desirable and necessary, a 
brief recapitulation of the major faults emphasized by this arti- 
clo appears desirable. 

I. Regeneration, or food back through transformers causes 
incorrect breaker opening. 

2. Small phase-angle differences between feeders, or regula¬ 
tion botween feeders, will causo incorrect breaker opening. 

3. System swings or synchronizing surges will causo incorrect 
breaker opening. 

4. High-tension faults will frequently cause power flow 
through the network to cause incorrect breaker openings. 

5. Regulators, both single-phase and three-phase, may cause 
incorrect openings. Regulator compensation must be carefully 
made and maintained. The hunting of regulators during sys¬ 
tem faults may frequently cause breaker operation. 

6 . Tripping relays must have' characteristics suitable to trip 
on both lagging bank excitation current and leading cable charg¬ 
ing current of very small values, and still give correct operation 
on current values of approximately one hundred times this 
valuo for both phase-to-phase and phase-to-ground faults on 
both high- and low-tension sides of tho transformers. This is a 
severe design problem. 
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7. Tripping relays must maintain a delicate setting with little 
attention under very adverse operating conditions. Field 
tests are practically impossible. Necessarily delicate contacts 
fail 'because of the delicate settings and severe operating 
conditions. 

That the equipment operates even as well .as outlined by Mr. 
Pinckard reflects credit on the careful operation and maintenance 
of the equipment as well as on the ingenuity of the designers. 

I should Kke to ask one question. Is it possible to select a 
secondary fuse for the network transformers that will blow under 
all conditions of transformer faults and yet will not operate under 
any condition of secondary faults such as the trouble in the splice 
mentioned in the paper? It would appear to me that numerous 
system conditions could exist which would prevent the proper 
discriminating action of a fuse. 


F. E. Pinckard s Relative to the point brought up by Mr. 
Bosch on starting currents of motors connected to the a-c. net¬ 
work, while it is necessarily true in the case of a combined set of 
power and light mains that flicker is apt to occur, this matter has 
caused comparatively little trouble. It is also one that has a 
tendency to disappear as the system capacity increases. 

As to the selectivity of the secondary fuse for the transformers 
and network breakers in Mr. Graves’ question, this is accom¬ 
plished by having three or four sets of mains feeding from each 
transformer bank. In case the network breaker failed to clear, 
the combined capacity of the mains should be sufficient to feed 
back enought current to blow this fuse. With the reverse con¬ 
dition, that is, a fault on the mains, it is assumed that this would 
occur on only one of the sets at a time, in which case the fuse 
capacity should be great enough to clear the fault. 
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Synopsis . This paper describes elaborate and severe field tests 
made on high-speed excitation equipment used with a 5885-kv-a. 
turbo generator. Complete oscillograms and curves showing the 


performance of this equipment are included together with a discussion 
of the results obtained. 


D URING 1928, high-speed excitation equipment 
was provided for a 5385 kv-a., house turbo 
generator which is used for supplying power to 
essential auxiliaries at the Saginaw River Steam Plant 
of the Consumers Power Company. Elaborate field 
tests were made on this regulating equipment, constitut¬ 
ing the most severe tests made on a machineof such size, 
and the results are indicative of those which may be 
obtained on the larger size generators. 

Description op Installation 

The Saginaw River Steam Plant, one of the largest 
steam generating stations on the system of the Con¬ 
sumers Power Company, will have, when completed 
in the near future, a total of five generators and two 
house generators, giving a generating capacity of 
approximately 140,000 kw. The No. 1 house turbo 
generator on which these tests were made is a General 
Electric unit rated 5385 kv-a., 3500 kw., 0.65 power 
factor, 2500 volts, 3600 rev. per min., 60 cycles and has 
a direct connected exciter rated 33.5 kw., 250 volts, 
four-pole, shunt wound. The house generators are 
connected to the 480-volt station auxiliary; busses 
through 6000 kv-a., 2400-480-volt transformer banks. 
The 480-volt station auxiliary busses are connected 
to the main generating bus through 24,000-480-volt 
transformer banks. 

The house turbo generators supply power to the more 
essential station auxiliaries consisting of boiler feed 
pumps, draft fans, circulating pumps, condensate 
pumps, etc. All motors used with these auxiliaries 
are started on full voltage and the larger ones, of 400 
hp., are of the squirrel-cage type. The house generators 
may be operated in parallel with or isolated from the 
rest of the system. 

A General Electric type FA-1 high-speed generator 
voltage regulator is provided to control the excitation 
of the No. 1 house generator. This regulator is 
equipped with a three-phase torque motor control and 
rheostatic follow-up features. 

1. General Electric Co., Schenectady, New York. 

2. Stevens and Wood, Incorporated, Jackson, Michigan. 

3. Consumers Power Company, Jackson, Michigan. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati , Ohio, March 20-22, 1929 . 


Requirements 

This high-speed excitation equipment was installed 
to accomplish the following: 

(a) To accurately control the a-c. voltage under 
all conditions of picking up and dropping load 
without disturbing the operation of the other 
station auxiliaries operated from the same machine. 

(b) To obtain a high speed of excitation re¬ 
sponse in connection with this generating unit in 
order that even the largest induction motors 
(400 hp.) used for station power service could be 
satisfactorily started at full voltage with minimum 
disturbance. 

(c) To obtain first hand information concerning 
the operation of this type of quick response regu¬ 
lator, particularly regarding its speed of operation, 
precision, and stability of operation. 

The range of excitation control on the generator is 
from 2300 volts, no-load and cold fields, to 2500 volts, 
full rated kw. load at rated power factor and hot fields. 
This range is necessary to provide adequate voltage 
on the 480-volt station auxiliary bus under various 
load conditions and allows for the regulation of the 2400- 
480-volt transformer bank. It corresponds to a range 
of 460 volts at no-load to 490 volts at full load. 

Design op Regulating Equipment 

In order to meet the above requirements, a quick- 
response excitation system was provided consisting of 
an exciter with a high speed of voltage build-up and a 
high-speed regulator. The exciter is self-excited and 
has a speed of voltage build-up of approximately 
1000 volts per second over the operating range. 

Fig. 1 shows a simplified diagram of connections of 
the house generator excitation system and the FA-1 
regulator. The regulator equipment consists of a 
main control element and an auxiliary control equip¬ 
ment. Figs. 2 and 3 show illustrations of this regulating 
equipment. The main control element consists of a 
d-c. system and an a-c. system and includes two lever 
arms, one controlled by a three-phase torque motor and 
the other by a d-c. magnet. A contact on the a-c. lever arm 
floats between two contacts on the d-c. lever arm. The 
torque motor is energized from two potential transformers 
which are connected to the three phases of the alter¬ 
nator, thus giving three-phase control. The d-c. 
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magnet is connected across the armature of the exciter 
and provides the necessary anti-hunting feature and 
also the vibrating of main contacts, which will be 
described later. 

The auxiliary control equipment includes two high¬ 
speed contactors, L and R (see Fig. 1), both of which 
are normally deenergized and arranged in such a manner 
that the contacts of L normally short circuit field 
reducing rheostat l in the exciter field circuit and the 
contacts of R are normally open but connected across 
the motor-operated field rheostat / and an additional 
field raising rheostat r in the exciter field circuit. 

Quick response in the regulator is obtained by use of a 
spring dashpot connected to the a-c. lever arm of the 
main control element. The springs in the dashport 
allow either main contact to close without first moving 
the diaphram in the oil. With this arrangement, the 
torque motor may close the main contacts without 



Fia. 1 —Diagram of Regulator and Test Connections 
Saqinaw River Steam Plant 

waiting for the movement of the diaphram in the oil 
dashpot. This dashpot tends to stabilize the operation 
of the main contacts. This spring dashpot can also 
be applied to the vibrating type of regulator to obtain 
quick response. 

The anti-hunting feature is provided by means of the 
d-c. coil on the main control element. This d-c. ele¬ 
ment, which is connected directly across the exciter 
armature, opens either the upper or lower main contact, 
whichever the case may be, after such contact is once 
made by the torque motor and the exciter voltage has 
changed the necessary amount. 


turn short-circuits rheostats r and / causing an increase 
in excitation. Upon an increase in a-c. voltage, the 
lower main contact closes, thus energizing contactor L 
which inserts rheostat l in the exciter field circuit to 
decrease the excitation. 

For a decrease in a-c. voltage, the upper main contact 



Fig. 2—Front View of Regulator Main Control Element 

and contactor R will open and close, thus functioning 
as a vibrating type regulator until the a-c. voltage 
returns to normal and the main element is in equilibrium. 
In the same manner, an increase in a-c. voltage will 
cause vibration of the lower main contact and contactor 
L until the a-c. voltage returns to normal. 

Continuous operation of the high speed contactors is 



Fig. 3—Front View of Auxiliary Contactor Panel and 
Motor Operated Rheostat 


Operation of Regulating Equipment 
With the a-c. voltage of the alternator normal, the 
main control element is in equilibrium and the regulat¬ 
ing equipment remains at rest. A decrease in a-c. 
voltage causes the torque motor to close the upper 
main contact, thus energizing contactor R, which in 


kept to a minimum by means of the rheostatic follow-up 
feature which functions as follows: Each time that 
either high-speed contactor, L or R, is operated, an 
auxiliary contact energizes the motor of the motor- 
operated rheostat in the correct direction to bring the 
a-c. voltage back to normal. During a time when the 
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a-c. voltage is low, the arm on the motor-operated 
rheostat is notched along to cut out resistance each time 
the upper main contact vibrates and the contactor R 
opens and closes. This follow-up action continues for 
a short time until the rheostat arm is in the correct 
position to take care of the new excitation requirements. 
When this correct position is reached and the a-c. 
voltage is back to normal, the main control element is 
m equilibrium and the regulating equipment is again 
at rest. During a time when the a-c. voltage is high, 
the equipment functions in a similar manner , opening 
and closing contactor L and notching the rheostat arm 
along to cut resistance in the motor operated rheostat. 

Field Tests on Regulating Equipment 

An extensive series of field tests was conducted on 
this regulating equipment to enable it to be adjusted 
under actual service conditions and to obtain detail 
information regarding its operation. These tests 
consisted of suddenly picking iip or dropping large 
amounts of load with the excitation of the generator 
under regulator control, and also with fixed excitation. 
Complete oscillographic records were obtained as well 
as graphic voltmeter charts and readings on indicating 
meters. The operation of the regulating equipment 
when the generator was paralleled with the rest of the 
system was also recorded. 

Preliminary Adjustments. A series of preliminary 
tests was made for the purpose of observing the 
operation of the regulating equipment, making the 
necessary preliminary adjustments and checking its 
operation. Fig. 1 shows the connections used in 
making the test. The effect of the regulator on the 
generator voltage was recorded by means of an Ester¬ 
line quick-trip graphic voltmeter and readings were 
taken on the switchboard indicating instruments. The 
sequence of operation of the various elements of the 
regulating equipment was noted and the field regulating 
rheostats were adjusted to the proper value of resis¬ 
tance. The effect, of various adjustments was studied 
by suddenly applying load to the generator. 




TABLE I 




OUTLINE OF TESTS 


Tests 

Excitation 

Generator 

Test conditions 

5.7 

6.8 

9 

10 

11 

12 

Regulated 

Fixed 

Regulated 

Fixed 

Fixed 

Regulated 

Isolated Carrying no load 
Isolated Carrying no load 
Isolated Carrying load 
Isolated Carrying load 
Paralleled Carrying load 
Paralleled Carrying load 

Load applied (2 motors) 
Load applied (2 motors) 
Load applied (2 motors) 
Load applied (1 motor) 
Load dropped 

Load dropped 


Final Tests. The final series of tests consisted of 
throwing a large amount of load on the generator with 
the regulating equipment in service and with fixed 
excitation, and under the conditions of load and opera¬ 
tion shown on Table I. 

Load was suddenly applied by starting one or two 
400-hp. motors simultaneously at full voltage. Starting 
two motors simultaneously was equivalent to a momen¬ 


tary load of approximately 7500 kv-a. or approximately 
130 per cent generator rating at approximately 35 
per cent power factor lagging. The motors came up to 
speed in a very short time, approximately one second 
with the regulator in service and two seconds with fixed 
excitation, and their load demand dropped rapidly to a 
low value as soon as they came up to speed. Load was 
suddenly dropped by operating the generator paralleled 
with the system and carrying load, then suddenly 
opening the generator oil circuit breaker. 

Oscillograph records were taken of generator voltage, 
generator armature current, generator field current, 
exciter voltage, exciter field current, and 60 cycle timing 



Test No. 7 

Generator isolated and carrying no-load 
Regulator In service 

Started No. 3 and No. 6. 400-hp. motors 



Test No. 8 

Generator isolated and carrying no-load 

Regulator not in service 

Started No. 3 and No. 6, 400-hp. motors 

Fig. 4—Oscillograms op Tests Nos. 7 and 8 

wave. Fig. 1 shows the connections used during the 
tests. 

Results of Tests. Figs. 4, 5, and 6 show representative 
oscillographic records obtained during the tests and 
Fig. 7 representative graphic voltmeter charts. The 
oscillograms have been carefully analyzed and the 
results are shown by curves in Figs. 8, 9,10, and 11. 

Discussion of Results 

From the curves, Figs. 8 to 11 inclusive, the results 
obtained with and without the regulator can be com¬ 
pared for the different test conditions. 

As previously pointed out, the starting of two 400- 
hp. motors at full voltage constituted a load of approxi¬ 
mately 7500 kv-a. at approximately 35 per cent power 
factor lagging. The inrush current to the motors upon 
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starting is practically all wattless, therefore the duty 
upon the generator is severe as far as maintaining 
a-c. voltage is concerned because of the highly demag¬ 
netizing action of the armature current. The maximum 
momentary value of inrush current was the same with 
fixed excitation as with the regulator in service and was 
approximately 145 per cent of the generator current 
rating when starting two motors. It was approximately 
100 per cent of the generator current rating when 
starting only one motor. With fixed excitation this 
current continually decreased in value after the first 
instant. However, with the regulator in service it was 



Fig. 6 —Oscillograms of Test No. 9 

Generator isolated and carrying load 
Regulator in service 

Started No. 3 and No. 6, 400-lip. motors 



Fig. 6—Oscillograms of Test No. 12 

Generator paralleled with system and carrying load 
Regulator in service 
Dropped load 


maintained near its maximum value until the motors 
approached full speed. 

It will be noted that the instantaneous inmah of 
motor-starting current causes an initial increase in 
generator field current and an instantaneous drop of 
generator voltage, these values being the same whether 
the regulator was used or not. With fixed excitation 
the exciter voltage remained constant and the generator 
field current after its initial rise gradually decreases to 
its original value. With the regulator in service 
the exciter voltage rapidly increased to its maxim um 
value and increased the generator field current to 
restore normal a-c. voltage. 

When two motors were thrown on the line, the gen¬ 
erator voltage dropped instantly approximately 8 per 




Fig. 7—Graphic Voltmeter Charts 



Fig. 8—Curves Showing Results of Tests Nos. 7 and 8 

Generator isolated and carrying no load started two 400-hp. motors 

-Regulator in service 

-Fixed excitation 

A. Line voltage 2500 volt « 100 per cent 

B. Line current 1245 amperes « 100 

C. Field current 110 amperes - 100 

D. Exciter voltage 250 volt « 100 



Fig. 9—Curves Showing Results bf Ttsst No. 9 

Generator isolated and carrying load started two 400-hp. motors 
Regulator in service 

A. Line voltage 2500 volt ,** 100 per cent 

B. Line current 1245 amperes’ -> 100' 

C. Field current 110 amperes «* 100 
Z>. Exciter voltage 250 volt -> 100 
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cent. After the initial dip of generator voltage there 
was a decided difference in the voltage curves obtained 
with the regulator in service and with fixed excitation. 
1 he maximum dip in generator voltage and the duration 
of the dip with fixed excitation was longer and much 
rnore severe than was the case under regulator control. 
Under regulator control the generator voltage was 
quickly raised to normal, but the sudden drop in 1iw<> 
current when the motors come up to speed caused the 



Fig. 10—Curves Showing Results op Test No. 10 

Generator isolated and carrying load started two 400-hp, motors 

Regulator not in service 

A. Line voltage 2500 volt = 100 per cent 

B. Line current 1245 ampores » 100 

C. Field current lio amperes » 100 

D. Exciter voltage 250 volt — 100 

voltage to rise above normal. The regulator was then 
called upon to adjust the excitation to reduce the volt¬ 
age to normal. The vibrating action of the regulator 
is plainly shown by the rapid rise and fall of exciter 
voltage on the curves. At the time the regulator is 
vibrating, the frequency of the vibrations is about the 
same as would be expected with an ordinary vibrating 
type regulator. 

Fig. 8 shows the results with and without the regula¬ 
tor in service under the condition of starting two motors 
at a time when the generator was carrying no load. 
The initial increase in generator , armature current 
caused the generator field current to increase instantly 
from 48 per cent to approximately 100 per cent of 
normal full-load value. The generator voltage cor¬ 
respondingly decreased instantly to approximately 92 
per cent of normal value. With fixed excitation, the 
generator voltage continued to decrease in value for 
about two seconds, at which time it reached a value 
72 per cent of normal. From this point the generator 
voltage gradually returned to normal. 

The effect of the generator carrying load when start¬ 
ing two motors can be seen by comparing Figs. 8 and 9. 
The line current did not momentarily increase to such 
a high value under load conditions as under no-load 
conditions. However, the duty was more severe under 
load conditions, as indicated by the duration of the 
•disturbance and the fact that the regulator was not 
able to raise the a-c. voltage to normal as quickly, 
even though the speed of exciter voltage build-up was 


greater. The increased speed of build-up was due to the 
excitation being at a higher value initially. 

Fig. 11 shows the effectiveness of the voltage regula¬ 
tor in limiting the rise of generator voltage upon the 
dropping of load. 

Table II gives a summary of the test results and shows 
the successive operating intervals of the different 
portions of the excitation system from the instant the 
generator load changes until the generator voltage is 
restored to normal, the speed of voltage build-up of 
the exciter and the generator, and the limits of exciter 
and generator voltages reached during the tests. 

The successive operating time intervals represent 
the time in cycles required for the individual portions 
of the excitation equipment to operate. It will be 
noted that the main contacts of the regulator closed in 
approximately 2.5 cycles after the load changed. The 
auxiliary raised contactors closed in approximately 
four cycles after the main contacts closed and the ex¬ 
citer voltage built 'up to its maximum value in an 
average time of approximately nine cycles after the 
auxiliary contactors had closed. The corresponding 
operating time intervals with the regulating equipment 
decreasing the excitation are somewhat longer. As 
shown by Test No. 12, the auxiliary lowering contactor 



Fig. 11— Curves Showing Results of Tests Nos. 11 and 12 

Generator paralleled with system and carrying load 

Dropped Load 

-Regulator in service 

-Fixed excitation 

A. Line voltage 2500 volt «=» 100 per cent 

J5. Line, current 1245 amperes 100 

C. Field current 110 amperes = loo 

D. Exciter voltage 250 volt « 100 

closed in 14 cycles, and the exciter voltage decreased 
to its minimum value in 37 cycles after the auxiliary 
contactors had closed. 

The above time intervals are of interest as regards 
the operation of the various component parts of the 
regulating equipment, but from an operating stand¬ 
point, the total time interval elapsing from the instant 
the load changes until the generator voltage is restored 
to normal is of prime importance. Referring again to 
Table II, it will be seen that with the regulator in 
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service the generator voltage first returns to the normal 
value in an average time of approximately 81 cycles or 
about 1.5 seconds. As previously mentioned, the 
generator voltage overshot and finally became stable 
at the normal value after a total average time interval 
of 570 cycles or 9.5 seconds. With fixed excitation, 
the voltage returned to normal after an average time 
interval of approximately 20 seconds. It was rather 
hard to determine at just what point the generator 
voltage became stable at the normal value, but the 
above values are relative. 

• sp ® e< * exc * ter build-up was very fast, consider¬ 
ing tiiat the exciter was self-excited, being of the order 
of 1000 volts per second, but it will be noted that the 
exc ^ e f v °ltage build-down is very much slower. 

Additional resistance has been connected in series with 
the field lowering rheostat, since these tests were made 
to increase the speed of exciter voltage decay. How¬ 
ever, it should be pointed out that from an operating 
standpoint the speed of voltage build-up and decay of 
the exciter is of secondary importance to the speed of 
generator voltage response. The generator voltage 
increased, as shown by Table II, at an average rate of 
approximately 250 volts per second during the time the 
motor was coming up to speed. 


Conclusions 

The following conclusions may be drawn from the 
results of these tests. 

(a) The quick response excitation equipment is 
effective in reducing the magnitude and duration of 
a-c. voltage surges due to sudden increase or decrease 
in load. 

(b) From an operating standpoint, the over-all 
speed of a-c. generator voltage response is of prime 
importance rather than exciter speed of build-up. 
In other words, the total time interval from the instant 
of load change to the time when the a-c. voltage is 
restored to normal is most important. 

Discussion 

F. C. Hanker: When considering the selection of the proper 
size of auxiliary generator for a large station, the excitation 
scheme is of prime importance and the information presented by 
the authors is of considerable use to the application engineer. 
In the case of the auxiliary generator, continuity of service under 
varied conditions is very important. 

Two years ago a similar set of tests was made by Messrs. 
Anderson and Monteith at the Richmond Station of the Philadel¬ 
phia Electric Company, and the results were presented before the 
Institute. More information of this sort is needed to show the 
requirements of operation to be met by the apparatus. 

The problem can be attacked either by having machines with 
good inherent regulation that will operate satisfactorily when 
heavy inductive loads, such as starting auxiliary motors on full 
voltage, are applied, or by the use of quick-response excitation 
which will tend to maintain the flux and thus allow only the 
armature reactance drop which is usually not serious. The de¬ 
gree to which the flux is maintained will depend on the layout of 
the excitation system. 
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The regulator which the authors describe is in reality what the 
Westinghouse Company term an “exciter rheostatic” regulator. 
This type of regulator has been used by the Westinghouse Com- 
pany for the past several years. The first application was in the 
station of the Niagara Falls Power Company with normal speed 
of response of the exciter voltage. It has since been applied on a 
number of generators and condensers in connection with quick- 
reponse excitation, and in the last year or so also where the flux 
was built up at a very high rate. 

The inherent speed of the regulator elements becomes a factor 
m the application where high-speed excitation is used. With the 
ype of regulator under discussion, larger parts have to be moved 
than with a vibrating type of regulator; therefore greater forces 
must be applied. This brings up the question of whether con- 

* lle **** meet the operating conditions 

satisfactorily. We have found it necessary to use specially de- 
signed contactors for this service. 

R. M. Carothers > The authors describe a certain and specific 
regulator problem, point out how that problem was attacked and 
the success with which it was met. The regulator they describe 
is not the vibrating type but is a regulator for customers who pre¬ 
fer this type of regulator, and also for places where the vibrating 
type of regulator is not required. 

I might add that it is not the only type of regulator that can be 
ermed Tumk-response.” The vibrating type of regulator with 
certain modification is also a quick-response voltage regulator. 

H. L. Weinsteins AH the test results shown in the paper were 
taken on the high side of the transformer bank, and the impe- 
dance of the bank was not given, so it is hard to say what effect 
the drop had on the low-voltage bus, but it is possible by main- 
aimng voltage on the high side of the bus to have a varying low 
side due to the varying power factor of the motors as they come 
up to speed. 

I should like to ask a question about this regulator. In the 
paper presented by Mr. Carothers and Mr. Nichols at the St. 
Louis meeting, the lever system contained in addition to the d-c. 
coil an a-c. coil. Is this a commercial form of regulator or has it 
been abandoned? 

A. C. Monteith: (communicated after adjournment) This 
paper adds considerably to the meager amount of information 
available on the question of starting auxiliary motors, and 
it corroborates the work of Mr. Anderson and the writer which 
was presented in 1927 under the subject Auxiliary Power at 
Richmond Station . The conclusion drawn at that time was that 
a voltage regulator was very desirable. 

In attempting to make a comparison between the so-called 
special regulator used by the authors, and the standard Westing¬ 
house regulator used at Richmond Station, the following figures 
have been tabulated from the two papers on the subject. These 
are taken from Fig. 8 in the paper under discussion and Fig. 10 
of the form er paper: 








| Voltage 

Machine 

Kv-a. 

rating 

Reac¬ 

tance 

Max. 

load 

P. F. 

Load 
per cent 
rating 

With 

reg. 

Without 

Saginaw. 

5385 

6% App. 

7500 

35% 

140 

90 

72 

Richmond... 

3333 

5.6% 

4200 

22-35% 

125 

82 

55 


It is rather difficult to make a direct comparison on account 
of the factors involved, such as: 

1. Regulation characteristics of the generator 

2. Characteristics of the load 

3. Speed of response of the exciter 

4. Characteristics of the regulator 

but nevertheless, the following conclusions are indicated: 

(1) A detailed comparison of the regulation characteristics of 
the generators is difficult without complete details of the two ma- 
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chines. From the data available, it is believed that the inherent 
reactance is approximately the same in the two generators. The 
indications are that the Saginaw machine had somewhat better 
regulation since 140 per cent load dropped the voltage only 28 
per cent without a regulator, while 125 per cent load on the Rich¬ 
mond machine dropped the voltage 45 per cent. 

(2) In the case of the Saginaw machine, two 400-hp. motors 
were started, coming up to speed in one second with a regulator, 
and two seconds without a regulator. In the case of the Rich¬ 
mond tests, the motors consisted of one 500-hp., squirrel-cage 
motor driving a circulating water pump; two 150-hp., squirrel- 
cage motors driving ventilating fans; and two 125-hp., wound- 
rotor motors driving draft fans. The 500-hp. motor had approxi¬ 
mately 22 per cent power factor starting current. The venti¬ 
lating fans had in the neighborhood of 30 per cent and the draft 
fans were higher due to having a secondary resistance in the 
rotor. The last mentioned “CW” motor starting currents were 
small compared to the other three motors. Also the 500-hp. 
pump motor came up to speed in 1.4 sec. with a regulator, and in 
over 2 sec. without a regulator, while it took the four fans con¬ 
siderably longer to come up to speed. The tests indicate ap¬ 
proximately 17 see. with a regulator. 

(3) The Saginaw exciter had a speed of response of 1000 volts 
per sec., while the*Richmond machine had 100 volts per second 
speed of response of exciter terminal voltage. 

(4) The characteristics of the regulator will have considerable 
bearing on the results obtained. The prime requisite is to put as 
much excitation into the machine as practical to offset the de¬ 
magnetizing effect of the lagging current in the generator. The 
regulator used for the Richmond tests was a standard Westing- 
house type vibrating regulator. When the load was picked up, 
the contacts closed and remained closed until normal voltage was 
restored, permitting the exciter to build up to its maximum, or 
•ceiling voltage. This is not the case for the regulator used for the 
Saginaw tests. Referring to Fig. 8 of the paper, it will be ob¬ 
served that after about 0.3 sec., the regulator contacts opened, 
arresting the rise of the exciter voltage in spite of the fact that 
the terminal voltage of the generator is very near its lowest value. 
Because of these inherent characteristics of the regulators, for a 
given exciter the former will supply more excitation than the 
latter. 

It is seen from the above that in the case of the Richmond ma¬ 
chine, the regulator was very effective, even with normal speed of 
response of exciter voltage as compared to the higher speed of 
response of exciter voltage on the Saginaw machine. For the 
tests tabulated, the Saginaw machine returned to normal in 70 
cycles, while the Richmond machine voltage was normal in 96 
Cycles. The fact that it took the motors longer to come up to 
speed and that the voltage drop was greater would readily 
account for this difference in time. 

Otto Naefi (communicated after adjournment) It is not 
often that actual data and test results on the operation of regu¬ 
lating devices are made public, and the authors are to be con¬ 
gratulated for the thoroughness with which they have analyzed 
and presented the test results obtained with the General Electric 
quick-response generator voltage regulator. 

This regulator is of the combined rheostatic and vibrating 
type. The combination of these two elements in one regulator 
is indicative of the general trend in regulator design to get away 
from vibrating contacts with their attendant wear, and to replace 
them by something which gives more reliable operation. The 
question naturally arises, is it necessary to use vibrating contacts 
at all; it is possible to design an automatic regulator, which has 
quick response, without vibrating contacts? 

I shall try to answer this question by showing a few test re¬ 
sults obtained with a regulator built on the purely rheostatic 
principle, but distinguished from its slow-acting predecessor by 
its high speed of operation and powerful over-regulation. 

The responsiveness of an automatic regulator may be ex¬ 


pressed by the time, measured in cycles, which elapses from the 
moment a voltage change occurs until the regulator has adjusted 
itself to the position of maximum or minimum excitation, which¬ 
ever may be required to bring the voltage back to normal. This 
time is generally a function of the magnitude of the voltage 
change acting on the regulator. That the regulator described in 
the paper has this same characteristic is indicated by the test 
figures presented. When switching on load, the instantaneous 
voltage drop was 8 per cent, and it required 6.5 cycles for the 
auxiliary contactor to close, of which 2.5 cycles were consumed in 
the main contacts. During this interval of 6.5 cycles, before the 
regulator would act, the generator voltage would drop another 
3 to 4 per cent, the total drop being therefore 11 to 12 per cent. 
When dropping load, the paper states that it took 14 cycles for 
the auxiliary contactor to open, a considerable increase as com¬ 
pared to the first test. But the instantaneous voltage change 
acting on the regulator was also considerably smaller than before, 
as shown by the oscillograms. The influence of the magnitude 
of the voltage change on the responsiveness of the regulator is 
thus clearly demonstrated. 

Before showing the test results obtained with the rheostatic 
type regulator it will be necessary that I explain briefly how it 
operates and in which way the tests were carried out. 

Fig. 1 herewith shows a schematic diagram of the regulator, 
which is manufactured by Brown Boveri and is built in a large 
size, with four sectors, and in a small size, with two sectors. It is 


Fig. 1—Diagram Illustrating the Regulating Process. 

entirely self-contained, requiring no additional apparatus, relays, 
etc. The diagram explains the mechanism of the sectors which 
cut resistance in and out of the shunt field circuit of the exciter. 
Instead of gliding, the sectors roll over the contacts, thus doing 
away with gliding friction. The reactions from the two or four 
sectors are accurately balanced and in no position of the moving 
system do they exert a torque on the regulating spindle. The 
position of the regulating system is indicated by the position of the 
pointer. In position “Zero” all resistance is cut out. In position 
“4” all resistance is in. These two positions therefore correspond 
to maximum and minimum excitation, respectively. The di¬ 
agram also shows how the regulator is connected to the generator 
whose voltage is to be controlled. The electric torque is provided 
by a powerful torque motor. The mechanical counter torque is 
obtained by spring tension, o and p is the anti-hunting device, 
consisting of an aluminum disk rotating between two permanent 
magnets. The disk is coupled to the regulating system by a soft 
spring, and therefore does not resist quick response of the regula¬ 
tor to sudden changes in voltage. 

The tests to determine the responsiveness of the regulator were 
made years ago on a standard four-sector regulator. For this 
purpose the voltage element was connected to a 60-cycle constant 
potential source through a resistance absorbing 11 per cent of the 
voltage. The voltage at the regulator terminals was 110 volts. 
By short circuiting the resistance by means of an auxiliary switch 
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the voltage across the regulator terminals could be raised 11 per 
cent instantaneously. Different starting positions of the pointer 
were investigated, and the time required by the regulator to 
move from the starting position to position 4, corresponding to 
minimum excitation, was measured by connecting a battery and 
resistance across the regulator rheostat, and oscillographing the 

current flowing in the circuit. 


The oscillogram represented in Fig. 2 herewith shows the regu¬ 
lator at rest m position 1.5, which generally corresponds to ap¬ 
proximately full load on the generator. The test conditions were 
therefore similai 1 to those that would exist if full load were thrown 
off a generator, resulting in a momentary voltage rise of 11 per 
cent. The curved line represents the variation of the current 
through the regulator resistances, the horizontal lines are calibra¬ 
tion lines and show the current flowing through the sectors at 
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Fig. 2 

intermediate positions. It will be noted that the time required 
by the regulator to begin motion is less than one cycle. After 6 
cycles the regulator has completed half its course, and after 12 
cycles it reaches its extreme position at 4, corresponding to mini¬ 
mum excitation. For starting positions below or above 1.5, the 
number of cycles required by the regulator to roach the end posi¬ 
tion 4 was found to be correspondingly larger or smaller. 

It is to be noted that in its effect on the field current, the 12 
cycles required by the rheostatic regulator to reach its end posi¬ 
tion is^approximately equivalent to 6 cycles required by a vibrat¬ 
ing type regulator to close the contacts of its auxiliary relay. This 
is due to the fact that the rheostatic regulator starts at once to 
cut the field resistance in or out, whereas the vibrating regulator 
has no effect on the field current during the first few cycles. 

The above tests, which were made under conditions similar to 
those disclosed in the paper, as far as the regulator is concerned, 


indicate that the responsiveness of the rheostatic type of regulator 
compares very favorably with that of the vibrating type. There 
remains one difference, however, between the two types of regu¬ 
lators, which has some influence on the rate of generator field cur¬ 
rent build-up or decay. Whereas the regulator described in the 
paper begins to vibrate when a change in voltage occurs, and 
maintains the exciter voltage at an average value below the ex¬ 
treme minimum or maximum value, the rheostatic type of regula- 
tor keeps the exciter voltage at its very minimum or maximum 
until the generator voltage has been restored almost to normal. 
1 lie rheostatic type of regulator therefore tends to produce a 
quicker response of the generator. 

The purpose of this discussion was to show that the rheostatic 
principle is as applicable as the vibrating principle to quick-re¬ 
sponse automatic voltage regulators such as are demanded by the 
modern requirements of system operation. 

. E# . Burnham t Mr. Hanker mentioned the contactors and 
inquired whether they were special. These contactors were 
special to the extent that they were made high-speed, that is, 
ordinary contactors were lightened so that they would vibrate 
much faster than the standard. 

Regarding Mr. Weinstein’s question I might say that the a-c. 
coil which is added to the left-hand member is replaced in this 
regulator by a spring dash-pot on the a-e. lever. In other words, 
the same thing is accomplished by this spring dash-pot, and is, 
you might say, a commercial form of the quick-response feature. 

The tabulation cited by Mr. Monteith might indicate that the 
gain between 1000 and 100 volts per second is not nearly as great 
as the gain between 100 volts per .second and constant excitation. 
This, of course, is natural. With a normal ceiling exciter it is 
questionable whether even an infinite volt-per-second rate would 
produce an appreciable gain over the 1000 volt-per-second ar¬ 
rangement. In other words the gain to be obtained is less and 
less pronounced as the volt-per-second build-up is increased. 

Mr. Monteith also states that if the Westinghouse regulator 
were used in place of the one described, it would have supplied 
more excitation and implies that this is an advantage. Exten¬ 
sive tests such as those described in the two papers and discus¬ 
sion given at the St. Louis Regional Meeting, March 1928 
(A. I. E. E. Trans., Vol. 47, pp. 944-974) have shown that in 
most cases it is not desirable to continue increasing the excitation 
until normal voltage is reached, when maximum benefit and 
stability are considered. 

J. R. North* With regard to the question about the location 
of the potential transformer during the test, the idea was to get 
the actual results at the terminal of the generator. In this instal¬ 
lation the load is served from the 189-volt bus and under normal 
conditions the regulator is controlled by potential transformers 
connected directly to the 480-volt bus. 




Street Railway Power Economics 

on the Cincinnati System 

BY J. A. NOERTKER 1 

Associate, A. I. E. E. 


Synopsis.—The Cincinnati Street Railway Company has, with¬ 
in the past few months, completed the rehabilitation of its entire 
power system. The system now consists of 19 full automatic syn¬ 
chronous converter substations upon which has been superimposed a 
complete system of supervisory control and remote metering. Papers 
have been presented by Frank W. Peters and Harley L. Swift 
covering the details of this installation. (.See bibliography.) This 
paper discusses the economic factors involved in the selection of 
equipment and the design of the system. Part I points out that the 


most important economic consideration is service and presents a 
method for evaluating this factor. Part II discusses the design 
of feeder circuits with particular reference to the limitations of 
Kelvin’s Law. Part III discusses system design with reference 
to the economics involved in the location of substations, and in the 
selection of control equipment. A general method for conducting 
extensive system studies is implied. Part IV discusses system 
load shifting characteristics and Part V points out the advantages 
of supervisory control. 


I. Introduction 

HE management of a modem street railway sys¬ 
tem, especially one operating under a “service at 
cost” franchise, should and does aim to provide a 
service that most nearly meets the requirements of the 
average car-rider which implies the fastest schedule 
speeds consistent with safety, and ultimate economy. 
As a matter of fact, ultimate economy as it concerns 
both car-rider and company is one of the most important 
considerations. 

The car-rider is interested in continuity, cost, and 
quality of service. The primary factor affecting the 
quality of service is speed of car operation, and some 
idea of the magnitude of this factor may be had by 
considering that in a city of the size and character 
of Cincinnati the total annual time spent by the 
car-riding public in transportation is approximately 
50,000,000 hr. 

It is practically impossible to determine definitely a 
value for this time; however, assuming a rate of fifty 
cents per hour, the annual amount will be $25,000,000, 
which amount is of sufficient magnitude to urge a care¬ 
ful analysis of all factors affecting the speed of car 
operation, in the interest of both the car-rider and the 
management. Among the many factors affecting the 
speed of car operation the following are outstanding: 

1. Topography 

2. Traffic congestion and control 

3. Number and duration of stops 

4. Rates of acceleration and retardation 

5. Motor characteristics 

6. Trolley voltage. 

Two of these factors, motor characteristics and trolley 
voltage, are directly under the control of the railway 
engineers. In selecting car equipments, it is necessary 
to assume average conditions of the above factors. The 
proper voltage has also usually been determined for 

1. Electrical Engineer, The Cincinnati Street Railway Com¬ 
pany, Cincinnati, Ohio. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati, Ohio, March 20-82,1999. 


average conditions and in the design of the power 
system the effort has been to furnish this average volt¬ 
age over the entire system. It is not certain, however, 
that an average voltage will fulfill all conditions in the 
most effective manner. Since the primary function of 
the power system is to furnish the most economical and 
satisfactory trolley voltage for the operation of the cars, 
it is of the first importance to determine what voltage 
or voltages are the most economical and satisfactory 
for various operating conditions and then provide such 
voltage through the means of variable converter 
characteristics and transformer taps. 

While poor voltage conditions may result in loss of 
time by passengers, aside from evaluation of this time, 
it can be shown that for a city the size of Cincinnati the 
annual variable cost of power supply subject to manipu¬ 
lation on which there is no practical check is approxi¬ 
mately $180,000.00. This is made up of carrying 
charges on feeders, conversion loss, demand loss, 
energy loss, and carrying charges on that portion of the 
conversion equipment required to supply the feeder 
loss. It is evident from this fact alone that a thorough 
study of the power system is justified. 

In an effort to determine the proper voltages for the 
operation of cars under various conditions, the following 
curves have been plotted from the data derived from 
speed-time and power-time curves of the latest type 
cars of the Cincinnati Street Railway Company. 

Fig. 1 shows the minimum time required to make 
various runs at 600 volts and the per cent increase in 
time at lower voltages. It will be observed that for 
runs of less than 200 ft. the minimum time required to 
make the run is approximately the same. It should 
also be noted that for the 1200-ft. run on 6 per cent 
grade there is approximately a 6 per cent increase in the 
minimum time required when the trolley voltage is 
• decreased from 600 to 500 volts. 

Fig. 2 shows the energy consumption required to 
make various runs at several different voltages. The 
curves show that increasing the voltage on these runs 
materially increases the energy consumption. They 
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also show that the increased energy consumption 
corresponding to a definite increase in voltage is greater 
for the short runs. 

Fig. 3 is derived from Figs. 1 and 2 and presents the 
same information in a more convenient form for a 300- 
ft. level run and a 1200-ft. run on 6 per cent grade. 
From a careful consideration of the data presented in 



LENGTH OF RUN-FEET 

Fig. 1—Minimum Time Required to Make Various Runs 
(without Coast) at 600 Volts, and Percent Increase in 
Time at Lower Voltages 

Oat Data—Motors—1 W. E. No. 510 E. hp. 35 
Gear Ratio—13.69 
Size of Wheels—26 in. 

Wt. of Oar and Load—19.36 tons 1 
Acceleration—1.5 mi. per hr. per sec. 

Retardation—2.0 mi. per hr. per sec. 



LENGTH OF RUN FEET 


Fig.2—Energy Required to Make Various Runs (without 
Coast) at Various Voltages 

Oar data—same as Fig. 1 

Figs. 1, 2, and 3, it is obyious that the trolley voltage is 
an important factor in determining the speed of opera¬ 
tion and energy consumption. Taking into considera¬ 
tion the evaluated time of the car-rider, the platform 
expense, and the cost of energy, it is possible, for any 
particular run, to determine the most economical 
operating voltage. 


Fig. 4 shows the most economical trolley voltages for 
a 300-ft. level run and a 1200-ft. run on 6 per cent 
grade, with platform expense and evaluated time of 
car-rider taken at $10.00 per car hr. and energy cost 
at the car taken as 1.5 cents per kw. hr. The curves 



AVERAGE TROLLEY VOLTAGE 


Fig. 3—Time and Energy Consumption Required (with¬ 
out Coast) for 300-ft. Level Run and 1200-ft. Run on 6 
Per Cent Grade 

Oar data—same as Fig. 1 



VOLTAGE AT CAR 

Fig. 4—Total Cost for Several Runs (without Coast) 
at Various Voltages 

Oar data—same as Fig. 1 
Energy Cost—1.5 cents per kw. hr. 

Platform expense and evaluated time of car-rider $10.00 per car-hr. 

show that for congested areas where runs are short the 
proper voltage may be considerably below 600 volts 
and that for long runs on heavy grades the proper volt¬ 
age is above 600 volts. 

Inasmuch as increased car speed has been considered 
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the desirable result of increasing trolley voltage, no 
consideration has been given to the effect of coasting. 
It can be shown, however, that if schedule speeds are 
kept the same, increase in voltage will usually result in 
decreased energy consumption at the car since higher 
speeds are reached more quickly with higher voltages 
and increased coasting is possible. 

The above data will be considered in detail as they 
affect the distribution system, substation layout, and 
the selection of substation equipment. 

II. Distribution System 

The functions of a railway power distribution system 
are: 

1. To sectionalize the system in such a manner that 
the effect of trolley faults on service will be as small as 
is consistent with the expenditure required to so 
sectionalize. 

2. To provide the most economical trolley voltage, 
all factors considered, for the operation of the cars. 

3. To provide facilities for shifting load in emergen¬ 
cies as when substations are overloaded or incapacitated. 

Feeder Sections. A thorough study for the determi¬ 
nation of feeder sections involves, in the first place, the 
setting up of every advantageous way of sectionalizing. 
Then, with a knowledge of the cost, together with a 
knowledge of the frequency, duration, and cost (both 
as to platform expense and evaluated time of car¬ 
rier) of feeder faults, the distribution engineer can 
determine the most economical feeder sections. In this 
connection, the extensive use of outdoor sectio na.1iV.ing 
circuit breakers should be considered. 

Feeder Sizes. For the majority of cases, the applica¬ 
tion of Kelvin’s Law offers a simple and effective 
solution to the problem of determining the most 
economical feeder size. It has the particular advantage 
that its conclusions may be presented in the form of 
curves which have a wide application. Further, inas¬ 
much as the conclusions may be checked there is little 
danger of using them where they will not be applicable. 


C P = (r, C„ 10 ~ 2 ) (3.67 m D 10 -») 

/ M + u Cs 10~ 2 \ / P 11.0 D 10~ 3 
\ Eff. s. p. / \ to 


+ ( Eff. (av.) ) ( 


8760 P 11.0 DL10- 3 


The significance of the various parts of Equation (1) 
is as follows: 

(fi Cu 10~ 2 )—Annual charge on feeder, dollars per pound 
(3.67 to D 10 -B )—Pounds of feeder 

( M + nC, 10~ 2 \ 

I rc ff - I—Annual demand, dollars per d-c. 

' ' p * ' kw. 


/ P 11.0 D 10- 3 \ x 

I “ I—One hour maximum kw. loss in 

\ m / feeder 

( Eff (av) )—Energy charge, dollars per d-c. kw. hr. 
/ 8760 P 11.0 D L 10 -3 \ 

I ~- I—Annualkw.hr. loss in feeder 

where 

C p —Total annual cost of positive feeder circuit 
(dollars) 

r i —Rate of return on feeder investment (12 per 
cent) (Taxes 2.0 per cent; Depreciation 
2.0 per cent; Interest 6.0 per cent; 
Reserve 2.0 per cent) 

Cu —Cost of insulated feeder in place (dollars 
per lb.) 

3.67—Pounds per ft. 1,000,000 cir. mil cable triple 
braid, weatherproof insulation 

m —Cross-section of feeder at substation end 
(cir. mils) 

D —Distance in feet to end of feeder or neutral 
point of feeder common to two or more 
stations 


Kelvin’s Law as modified by Kapp is as follows: 

“The most economical area of conductor is that 
for which the annual cost of energy wasted is 
equal to the annual interest on that portion of 
the capital outlay which can be considered pro¬ 
portional to the weight of metal used.” 

The application of this law to railway power circuits has 
been presented in a paper by Crecelius and Phillips. 
(Bibliography.) The following equations and curves 
present a convenient method for applying Kelvin’s Law 
to extensive system studies. The most variable factor 
in such a study has been considered to be the cost and 
value of installed copper. 

The total annual cost of a feeder circuit is equal to 
the annual investment charge plus the annual demand 
loss charge plus the annual energy loss charge. This 
may be expressed as a mathematical statement as 
follows: 


M —Annual maximum demand charge (dollars 
per a-c. kw. metered at 13,200 volts— 
$ 12 . 00 ) 

. s. p. —Efficiency of substation during peak load 
(0.93) 

r 2 —Rate of return on substation investment (16 
per cent) (Taxes 2.0 per cent; Insurance 
,0.5 per cent; Depreciation 4.5 per cent; 
Interest 6.0 per cent; Reserve 2.0 per cent) 
Cs —Cost of substation per d-c. kw. capacity 
($40.00) 

I —One hour maximum demand (amperes) 

11.0—Ohms per cir. mil ft. 30 deg. cent. 98 per 
cent conductivity 

e —Energy charge on purchased power (dollars 

per a-c. kw. hr. $0,004) 

Eff. (av.)—Average efficiency of substation (0.90) 

8760—Hr. in a year 
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L —Loss factor—the ratio of the average of the 
squared current demands to the squared 
maximum (1) hr. current demand. (0.25) 
Substituting the above values in the equation for 
total annual cost and combining terms, the equation 
reduces to 


C p = 0.44 X 10-« Cum D + — - - (2) 

m K ' 

Equating first derivative to zero for minimum annual 
cost 

o = 0.44 x 10-° CuD— — 2 —— 


m 


850 J 
VC U 


( 3 ) 


This is the proper size feeder for minimum annual cost 
for concentrated load at the end of a feeder of uniform 
cross-section. 

Copper losses caused by a distributed load on a 
theoretically tapered feeder are equal to one-half those 
caused by a concentrated load on a feeder of unif orm 
cross-section if this cross-section is the same as that at 
the station end of the tapered feeder. Since the 
volume of the tapered feeder is one-half that of the 
uniform feeder, the investment charge is one-half that 
shown by the equation for the uniform section with 
concentrated load. 

The annual charge for this type of feeder is 
„ 0.44 X 10 -°Cum D 0.32 I 2 D 

c ’ - 2 - + ~^r~ « 


and the cross-section for minimum cost becomes 


850 1 
VC u 


( 5 ) 


Also, since it can be shown mathematically that the 
copper losses caused by a distributed load on a feeder 
of uniform cross-section are equal to one-third those 
caused by a concentrated load, the annual charge for 
such a feeder is 


0 22 T 2 D 

C p = 0.44 X 10 -6 C um D + — - - (6) 

3m v ' 

and the cross-section for minimum annual cost becomes 
_ 850 J _ 490 I 

M ~ V~3 VCu = VCu (7) 

If these values of m are now substituted in Equa¬ 
tions (2), (4), and (6) for total annual cost, the following 
mathematical expressions will be obtained for minimmn 
annual cost. 

For concentrated load uniform cross-section 

C p (min) = 0.00075 ID V~Cu (8) 

For distributed load tapering cross-section 

C v (min) - 0.000375 1D VCu (9) 


For distributed load uniform cross-section 

Cp (min) = 0.000434 1D VCu (10) 

The maximum voltage drop to the end of feeders and 
the average voltage drop at the load for minimum 
annual cost is 

For concentrated load, uniform section 

w N ID 11.0 

E d (max) =-—-- 0.013 D VC^. (11) 

jp , s izm.o _ 

E d (av.)---= 0.013 D VCu. (12) 

For distributed load, tapering section 

„ , N ID 11.0 _ 

E d (max) =--- = 0.013 D VCu. (13) 

„ , . I-D 11.0 

Ed (aV °-2~ = °- 0066 D v^. (14) 

For distributed load, uniform section 
, ID 11.0 

E d (max)-2^— = 0.0112D VCh. (15) 

, / D 11.0 

Ei (av,) - 3~m, = °- 0076 D (16) 

It is of particular interest to note that the proper size 

feeder for minimum annual cost, Equation (3), is 
directly proportional to the load and does not depend on 
the length of the feeder. All of these equations and the 
curves presented below are applicable to the positive 
feeder circuit on both single and double trolley systems. 
Values for annual cost and voltage drops on the com¬ 
plete circuit of the double trolley system are twice that 
given for the positive feeder in the above equations. 
Some additional calculations are necessary to obtain 
these figures for the single trolley system. 

The following curves have been drawn with the idea 
of expressing the results of the above equations in a 
more convenient form. 

Fig. 5 illustrates how the factors of Equation (2) 
vary as the size of the feeder is increased. The curves 
have be^n plotted for 1000-ampere load concentrated 
at the end of a uniform cross-section feeder 1000 ft. long. 

The curve “Per cent Return” has been plotted with 
the idea of showing the return on additional investment 
that would be required to build up an undersize feeder 
to the size corresponding to minimum annual cost as 
determined by Kelvin’s Law. 

Fig. 6 presents in a convenient form the results of 
applying Equations (3), (5), and (7) to a 1000-ampere 
load. From this figure the proper size feeder for mini¬ 
mum annual cost of any standard type railway feeder 
may be determined, provided the values of all factors 
used in solving Equation (1) are true for. the particular 
feeder in question. 
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Fig. 7 shows the minimum annual cost of various 
standard types of railway feeders for 1000-ampere load, 
1000-ft. length. Since the minimum annual cost is 
directly proportional to the ampere load and the length, 
the minimum annual cost for any other load and length 
can easily be determined. 

Fig. 8 shows the maximum voltage drop to end of 
feeder and average voltage drop on feeder for the feeder 
size corresponding to minimum annual cost. These 
curves have been plotted for 1000-ft. length, and sine* 



Fig. 5—Total Annual Cost and Investment for a 
Uniform Cross-Section Feeder 1000 ft. Long Carrying a 
1000 Ampere Load Concentrated at the End 
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Fig. 6—Feeder Sizes for Minimum Annual Cost (Kelvin’s 

Law) 


that required for the most economical car operation as 
shown by curves similar to those of Fig. 4 for the aver¬ 
age runs on the section in question, it will be necessary 
to plot graphs of Equation (2) (total annual cost 
against average voltage at the load). This graph should 
then be superimposed and added to the appropriate 
curve on Fig. 4. The resulting graph will indicate the 
point of overall minimum cost. The corresponding 
feeder size can then be read directly from the curves. 
The following examples illustrate the procedure: 

Example 1. Consider a section 7200 ft. long having 
an average grade of 6 per cent and average length of 



Fig. 7—Minimum Annual Costs (Kelvin’s Law) 


n 

7 i 

faxi 

Jnifc 

distr 

num Drop-Concentrated Load- 1 




>rm Section or Maximum Drop- 

■s 


7” 








/ 

r 

























A 

r 

Maximum Drop- 
stnbuted Load- 






7 

✓ 


D 





7 












* 

/ 









Av< 

■Dial 

Un 

trag* 

Dn 

jp- 

Loac 

:tk»r 





7*" 



** 


form Se 

s. 













2 

7^ 












AvcragdDrop - 

distributed Load 









enntj 

































0 5 10 15 20 25 30 

COST OF FEEDER INSTALLED CENTS PER POUND 


Fig. 8—Maximum and Average Voltage Drop on Feeders 
Designed por Minimum Annual Cost (Kelvin’s Law) 


the voltage drop is directly proportional to the length, 
the voltage drop for any other length can easily be 
determined. These curves are of particular value in 
checking the application of Kelvin's Law. 

Reconcilement to Kelvin's Law . After feeder sizes 
have been determined by Kelvin’s Law, the resulting 
average feeder voltage should be checked against the 
most economical voltage required for the operation of 
the cars. If the average voltage at the load as deter¬ 
mined by Kelvin's Law is considerably above or below 


runs of 1200 ft. The average one hour peak load of 
1000 amperes is made up of 12 cars moving up-grade. 
Ninety-two cars carrying average loads of 60 persons 
per car and moving up-grade will traverse the section 
during the two-hour evening peak. 

To provide emergency tie-in facilities the feeder is 
of uniform section. Loss factor 0.25. 

Substation voltage 600 volts. 

From the standpoint of system stability, it has been 
found inadvisable to increase substation voltage above 
600. 
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Cost of feeder installed $0.18 per lb. 

Value of car-time $10.00 per ear hour. 

Cost of energy per d-c. kw. hr. $0,015 (used for 
estimating cost of energy consumption at car). 

Weight of car 19.36 tons. 

Required to determine the proper size'feeder. 

From Figs. 6, 7, and 8, according to Kelvin’s Law the 
proper size feeder is found to be .1,150,000 cir. mils 
corresponding to an annual minimum cost of $2664.00, 
and to an average voltage drop of 46 volts; which corre¬ 
sponds to an average trolley voltage of 554. Referring 
to Fig. 4, it is found that the most economical voltage 
for the operation of cars is above 600 volts. Therefore, 
it is evident that Kelvin’s Law is not applicable for this 
case. Fig. 9 illustrates the solution of this problem. 
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Fig. 9—Determination op Feeder Size—Example (1) 
Curve e Feeder Size 

Curve a Animal investment charges on feeder 
Curve b Annual loss in feeder 

Curve c Annual platform expense and evaluated time of car rider 
Curve d Annual cost of energy consumption at cars 


The data required for plotting curve e of Fig. 9 have 
been derived from Equation (16) for average voltage. 

The data required for plotting curve a have been 
derived from the equation 

C a = 0.44 X 10 -8 Cum D 

The data for plotting curve 6 have been derived from 
the equation 

PD 

C b = 0.32 -=- 

3 m 

The data for plotting curve c have been derived 
from the expression 


The data for plotting curve d have been derived 
from the expression 

C, = ( 300 X 92 X 19.36 X X X 0.015 ) 

where W is watt-hr. per ton mile from Fig. 3. 

The curve (a + 6 + c + d) of Fig. 9 shows that the 
proper feeder size to secure minimum annual cost is 
1,500,000 cir. mils. 

Example 2. Consider the feed to a loop in the con¬ 
gested area. The cars operate over a level section 3000 
ft. long. The lengths of runs average 300 ft. 

The average one hour peak load of 1000 amperes is 
made up of 20 cars moving over the route. 

Three hundred and twenty cars, carrying average 
loads of 60 persons per ear, will traverse the section 
during the two-hour morning and evening peaks. 

A feeder of uniform section feeds the loop from a 
substation approximately 4000 ft. from the center of 
the load; therefore, the load will be considered as con¬ 
centrated at the end of a 4000-ft. uniform cross-section 
feeder. 

Loss factor 0.25. 

Substation voltage 560 volts. 

From the standpoint of system stability, it has been 
found inadvisable to decrease full load substation volt¬ 
age below 560 volts, this voltage being obtained through 
the use of shunt converters. 

Cost of feeder installed $0.18 per lb. 

Value of car-time $10.00 per car-hr. 

Cost of energy per d-c. kw. hr. $0,015 (used for estimat¬ 
ing cost of energy consumption at the car). 

Weight of car 19.36 tons. 

Required to determine the proper size feeder. 

From Figs. 6, 7, and 8, according to Kelvin’s Law the 
proper size feeder is found to be 2,000,000 cir. mils, 
corresponding to an annual minimum cost of $2720 and 
to an average voltage drop of 44 volts which corresponds 
to an average trolley voltage of 516 volts. Referring 
to Fig. 4, it is found that the most economical voltage 
for the operation of cars is 490 volts. Inasmuch as 
Kelvin’s Law provides a higher voltage than can be 
economically utilized, it is apparent that it is not appli¬ 
cable for this case. Fig. 10 illustrates the proper 
solution of this problem. 

The data required for plotting curve e of Fig. 10 have 
been derived from Equation (12). 

The data required for plotting curve a have been 
derived from the equation 

C a = 0.44 X 10 -6 Cu m D 

, The data for plotting curve b have been derived from 
the equation 


Ca 


(300 X 92 X 6 X 10) 


t 

3600 


C b 


0.32 


PD 

m 


where t is the time in seconds required to make a 1200- The data for plotting curve e have been derived from 
ft. run as derived from Fig. 3. the expression 
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Co = (300 X 320 X 10 X 10) 

where t is the time in seconds required to make a typical 
run as derived from Fig. 3. 

The data required for plotting curve d have been 
derived from the expression 

Ci = 300 X 320 X 19.36 X X ^ X 0.015 \ 

where W is watt hr. per ton mile from Fig. 3. 

The curve (a -f- 6 + c + d) shows that the proper 
size feeder to secure minimum annual cost is 1,700,000 
cir. mils. 

The above examples have been worked out for a 
double trolley system. A somewhat similar procedure 
may be followed for a single trolley system. 



Fig. 10 —Determination of Feeder Size—Example (2) 
Curve e Feeder size 

Curve a Annual investment charges on feeder 
Curve b Annual loss in feeder 

Curve c Annual platform expense and evaluated time of car rider 
Curve d Annual cost of energy consumption at cars 

Tie Feeders. From the study of minimum annual 
cost of various types of feeders it is found that the most 
economical type of feeder for the usual distributed 
railway load is the uniformly tapering section. If the 
substation units and the high tension power lines con¬ 
nected to each unit were 100 per cent reliable, there 
would be no occasion to use any other type. However, 
since such reliability has not been obtained and since 
power outages represent such a tremendous loss to the 
public, the Cincinnati power system has been laid out 
with the idea of carrying the peak load service at 
reduced voltage with any one substation out of com¬ 
mission. This can only be done through the extensive 
use of tie feeders, which in many cases has lead to the 
installing of uniform cross-section feeders. A compari¬ 
son of Equations (9) and (10) shows that the total 
annual cost of the uniform cross-section feeder is 15.7 
per cent higher than that of the tapered section. In 


actual practise, due to the impossibility of obtaining a 
theoretically tapered section, this percentage is some¬ 
what less. It is considered, however, that the advan¬ 
tages of the uniform Cross-section feeder are worth the 
increased cost. This fact can be proved conclusively 
through the evaluation of power outages mitigated by 
the use of tie feeders. 

Feeder Control Equipment. For systems similar to 
the Cincinnati power system where the ill-effects of 
substation outages have been lessened by the use of a 
large number of small stations and extensive tie feeders, 
the circuit breaker and its control circuit become the 
most important element in the system. Some concep¬ 
tion of the expenditure justified to secure effective 
feeder control equipments may be had by considering 
that a single outage, during the peak, of 30 minutes' 
duration on the feeder used in Example 2 would result 
in a time loss of 2400 passenger-hours. 

The feeder control equipments on the Cincinnati 
system were designed to: 

1. Trip on rate of rise of current when such rate of 
rise corresponds to a short circuit. This feature is 
adjustable so that the rate of rise at which the breaker 
will open can be regulated. 

2. Permit the breaker to remain closed when subject 
to any legitimate load or when subject to any decrease 
in load. 

3. Reclose, following a suitable time delay, which 
time delay is adjustable when the resistance of feeder 
and load reach a predetermined value. This value is 
adjustable down to 0.3 ohm. 

4. Reclose and stay closed on multiple feeders when 
feeder is being energized from another source. 

5. Positively stay out on 0.4 ohm load with bus 
voltage at 620; and with no change in adjustment, will 
positively reclose on 1.0 ohm with bus or feeder voltage 
at 350 volts. 

6. Completely isolate the feeder when the power 
dispatcher locks it out. 

In addition, the supervisory equipment superimposed 
on the full automatic feeder equipment has been de¬ 
signed so that: 

1. The power dispatcher will have indication as to 
whether the breaker is open or closed. 

2. The power dispatcher will have indication as to 
whether the breaker is under automatic or supervisory 
control. 

3. The power dispatcher can reclose the breaker on 
a short circuit, but if short circuit conditions exist, the 
breaker will re-open. In connection with this feature 
an anti-pumping circuit is used. 

4. Failure of supervisory cable will cause feeder 
equipment to revert to automatic control except when a 
feeder circuit is locked out. 

The circuit breaker is of the latched-in type and both 
closing and tripping coils are operated from the station 
control battery. It incorporates in its design a mag¬ 
netic blow-out for extinguishing the arc. 



July 102!) 


NOERTKER: STREET RAILWAY POWER ECONOMICS 


919 


III. Conversion System 
1 he study of railway power system design, with 
particular reference to the economics involved in the 
use of automatic substations, has been covered in con¬ 
siderable detail by committees of the A. E. R. A. 
These reports present both analytical and practical 
methods of considerable interest and value. In particu¬ 
lar, they emphasize the importance of a thorough 
economic study of the distribution system and point 
out the desirable effects of decreasing voltage in con¬ 
gested areas. However, no definite methods are pre¬ 
sented for determining the economic effect of the distri¬ 
bution system and trolley voltage on power system 
design. 

The loregoing parts of this paper represent an effort 
to evaluate these factors so that they can be considered 
in relation to the other parts of the power system. 
The following discussion is an attempt to show how 
these and other factors have affected the location and 
number of substations on the Cincinnati system. 

The immediate cause of the general rehabilitation of 
the system was the economy that the Street Railway 
Company could effect by purchasing power instead of 
operating its own generating plant. Inasmuch as this 
meant the replacement of all 25-cycle conversion equip¬ 
ment, amounting to one-half of the total installed capac¬ 
ity, an extensive study embracing the entire system 
was decided upon. The company had had in opera¬ 
tion, for approximately six years, three full automatic 
single unit, 1500-kw. substations. The fine perform¬ 
ance records of these equipments were a large factor 
in determining the selection of automatic control for 
the entire system. 

Several topographical peculiarities of Cincinnati have 
considerably affected the power system design. (1) 
There are no large areas of uniform load density; (2) 
numerous heavy grades exist on which it is particularly 
advantageous to maintain the highest possible voltages; 
and (3) after leaving the congested area, the car lines 
extend radially out from the center of the city an aver¬ 
age distance of ten miles with only one intersecting 
cross-town line. These factors tend to make any 
application of analytical methods very difficult. On 
the other hand, it is apparent that such a lay-out will 
immediately suggest a number of probable substation 
locations, especially after a careful study of voltage, 
load, and sectionalizing requirements has been made. 

The general procedure for making the study of the 
system is given below: 

Data. Of fundamental importance in making this 
study was the preparation of maps drawn to scale 
showing in detail the following data. 

1. Location and routing of all cars operating during 
peak periods. 

2. Length and location of grades. 

3. Most desirable trolley sectionalizing, together 
with corresponding load in amperes on the various 


sections, and the most suitable average trolley voltage 
for peak periods. 

4. Location of existing feeder copper. 

Size of Units. Inasmuch as a large number of 60- 
cycle 1500-kw. units was already in use on the system, 
it was decided to extend the use of this size in so far as 
was feasible. However, after a few preliminary calcu¬ 
lations it was obvious that a smaller size unit would be 
desirable for certain outlying sections, and a tentative 
set-up was made using 750-lcw. units for these sections. 

Reliability. Since the new 60-cycle conversion equip¬ 
ment would be more susceptible to system disturbance 
than the old 25-cycle equipment, and since it was 
decided to provide a service superior to that which had 
been provided by the old equipment, the principle was 
tentatively adopted that the loss of any single-unit 
station or any one unit in a double-unit station should 
not seriously affect transportation service. It after¬ 
wards developed that with a few minor changes in the 
preliminary system design this principle could be 
economically extended so as to include the loss of any 
complete double unit station. 

Capacity for Expansion and Reserve. In general the 
expected one-hour integrated load was taken as approxi¬ 
mately 80 per cent of the nominal substation capacity. 
This allowed about 20 per cent for expansion and unfore¬ 
seen increase in load and figured on using the 50 per cent 
overload capacity of the converters to furnish the 
reserve required to meet the principle outlined above. 
In connection with expansion, the possibility of operat¬ 
ing a proposed Rapid Transit System had a definite 
bearing. This resulted in some minor adjustments in 
location and in the providing of buildings large enough 
to house additional substation capacity. 

Possible Locations. After the required data had been 
assimilated and fundamental principles decided upon, 
all possible substation locations were determined by 
inspection and a few preliminary calculations. The 
use of the system of moments was of particular value 
in the selection of tentative locations. 

Zoning Restrictions and, Available Sites. In Cincin¬ 
nati the existence of some rigid zoning ordinances had 
considerable effect on the locations of substations. 
A survey was made as to the availability of sites in the 
permitted building zones. 

Existing Feeder. It was evident that the considerable 
expense involved in re-arranging the feeder system 
would have a definite bearing upon substation location, 
and that as much advantage as possible should be taken 
of the feeder already installed. 

Electrolysis. In the rehabilitation of its power sys¬ 
tem the railway company had to consider the possibility 
of changing to single trolley operation. Prom the first, 
it was realized that the extensive use of small single 
unit substations would be a definite factor in the miti¬ 
gation of electrolysis when single trolley operation 
should be adopted. Discussing the development of 
automatic substations, the 1921 Report of the American 
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Committee on Electrolysis (p. 46) calls attention to the 
above fact in the following statement. 

“The increased savings attending this develop¬ 
ment will undoubtedly increase the number of sub- 
slations which can economically be installed on both 
interurban and city systems, and if full advantage 
is taken of these economies, the feeding distances 
will be reduced to such an extent as' to greatly re¬ 
duce stray currents generally.” 

A specific instance supporting this statement was pre¬ 
sented in a paper before the A. E. R. A. (Bibliography.) 

Comparison. A general consideration of the data, 
principles, and limitations outlined above resulted in 
materially reducing the number of possible substation 
locations. As a matter of faet, few alternate schemes 
remained to be considered in detail. The total annual 
cost of the following factors, together with a considera¬ 
tion of system reliability, flexibility, and electrolysis 
conditions, were compared for each of the remaining 
schemes: 

1. Service conditions 

2. Distribution investment 

3. Distribution loss 

4. Equipment investment 

5. Realty investment 

6. Conversion loss 

7. Maintenance and operating cost. 

High-Tension Lines. No consideration was given to 

the high-tension system until after the substation lay¬ 
out had been determined. The high-tension system is 
usually one of the first considerations, but since the 
Cincinnati power system contemplated the purchase of 
power delivered at its substations and since the local 
power company had a number of strategically located 
high-tension distribution centers, it was thought that 
the high-tension system would not materially affect the 
ideal substation lay-out. Except in a few instances this 
proved to be the case. The negotiations with the power 
company developed the fact that considerable economy 
could be affected in the high-tension distribution system 
if the railway company would agree to the joint use of 
high-tension lines. In the case of a number of single 
•unit stations this was agreed to, with the understanding 
that these lines would be protected with the most 
effective relay equipment that could be obtained. In 
the majority of cases these lines are parts of loop systems 
which are sectionalized at the railway substations. 
Inasmuch as the railway power system was designed so 
as to permit the loss of any one substation without 
seriously impairing the service, the above agreement 
was regarded as sound. 

Final Determinations. The most economical sub¬ 
station lay-out as determined by the consideration of 
the foregoing factors involved the use. of one 300-kw. 
single-unit automatic substation, five 750-kw. single¬ 
unit automatic substations, eleven 1500-kw. single-unit 
automatic substations, one 3000-kw. two-unit automatic 
substation, and one 4500-kw. three-unit manual station. 


In the final determination, it was decided that for the 
service under consideration, a slower speed machine 
would be more desirable than the 1200-rev. per mm. 
standard 750-kw. units. Inasmuch as there was little 
difference in the cost and efficiency between the slower 
speed 750-kw. machines and the standard 1000-kw. 
machines and since the outlying territory in which these 
machines were to be located might be subject to con¬ 
siderable expansion, it was decided to use the standard 
1000-kw. units. 

The final calculations showed that it would be im¬ 
possible to maintain reasonable service in the congested 
areas if the three-unit station should be entirely lost. 
It was, therefore, decided to tranfer one of these units 
to an adjacent single-unit station. From the stand¬ 
point of system stability, since the surrounding units 
would all be protected by the use of load shifting equip¬ 
ment, it seemed absolutely essential that the central 
station should also be protected. It was, therefore, 
decided to use full automatic control over the entire 
system. 

Converter and Transformer Characteristics. The engi¬ 
neers in selecting the car equipments must necessarily 
base the application upon an average trolley voltage 
and average operating conditions throughout the sys¬ 
tem. If an average trolley voltage is furnished, the 
car equipments will perform in a more or less satis¬ 
factory manner. However, the operating conditions 
for any street railway car vary between wide limits. 
Fig. 4 shows the most economical voltages for a 300-ft. 
level run and a 1200-ft. run on 6 per cent grade. From 
this it will be seen that trolley voltages for cars operat¬ 
ing under normal service conditions vary over a wide 
range. 

It is evident that the railway power system should, 
in so far as possible, provide the most satisfactory and 
economical trolley voltage. Since adjustment of volt¬ 
age through the manipulation of the distribution sys¬ 
tem does not provide an economical method for varying 
voltages, it is up to the substation engineers to provide 
for this either by making use of adjustable machine 
characteristics, suitable transformer taps, or both. 

There is no argument as to the superior performance 
of shunt converters from the standpoint of substation 
operation and system stability, but it must be recog¬ 
nized that shunt converters cannot be used in outlying 
territories, or on heavy grades, except at the sacrifice 
of car speed. In congested areas, advantage can be 
taken of the superior operating characteristics of shunt 
converters with the additional advantage of power 
saving brought about through the furnishing of more 
economical trolley voltages. Inasmuch as the advan¬ 
tageous load shifting characteristics of the shunt con¬ 
verter may become a matter of importance on any part 
of the system, it will be a definite advantage to retain 
the possibility of shunt operation even on those parts 
of the system where compound operation is normally 
considered most effective. For the same reasons, it 
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will be desirable to provide transformer taps with the 
idea of varying d-c. bus voltage. Two distinct advan¬ 
tages resulting from this practise are (1) the providing 
of a more satisfactory trolley voltage, and (2) the pro¬ 
viding for emergency load shifting. 

It may be of interest to note that all of the new con¬ 
verters on the Cincinnati power system may be operated 
full shunt, full compound, or at any intermediate degree 



Pig. 11—Interior op Single Unit Automatic Substation 

of compounding. All new transformers are provided 
■with tap-changing devices in the high-tension windings, 
so that the d-c. bus voltage may be varied in steps of 20 
volts from 620 to 540 volts. It is expected that the 
liigh-tension power furnished by the power company 
will vary little from the 13,200-volt standard. 



Fig. 12—Exterior op Automatic Substation 

Manual vs. Automatic Control. Among the important 
factors that determined the type of control selected for 
-the Cincinnati power system were maintenance and 
operating costs, cost of equipment, reserve capacity, 
efficiency, reliability, improved service, protection, of 
equipment, and load shifting characteristics. Based 
upon six years' operating experience with three 1500- 
jcw. single unit automatic substations, it was deter¬ 
mined that a fair annual charge for maintenance and 


operating expenses on the automatically controlled 
equipment would be $1100 for a single-unit station and 
$1800 for a double-unit station. The corresponding 
charge for manual equipment was determined to be 
$3400 for a single-unit station and $5200 for a double¬ 
unit station. Annual savings creditable to automatic 
control, therefore, are $2300 for a single-unit station 
and $3200 for a double-unit station. 

In the consideration of new single-unit substations, 
the investment chargeable against the use of automatic 
control was taken as the difference in cost between 
automatic control and the corresponding manual 
equipment. In the case of the rehabilitated station, 
however, the investment charge against automatic 
control was taken as the total cost of the new automatic 
control equipment less the scrap value of the superseded 
manual control equipment. 



Fig. 13 —Supervisory Control Room 


For new single-unit stations, the difference in cost 
between automatic and manual equipment was found 
to be $13,000.00, which at 15 per cent amounted to an 
annual carrying charge of $1950.00. For rehabilitated 
single-unit stations the annual carrying charge at this 
per cent amounted to $2700.00; for new double-unit 
stations the annual carrying charge amounted to 
$3900.00, and for rehabilitated double-unit stations to 
$5400.00. From these figures, it is apparent that auto¬ 
matic control has a decided economic advantage only 
in the case of new single-unit stations. 

Due to load shifting characteristics and thermal 
protective devices, automatic equipment can be safely 
subjected to heavier loads than could the corresponding 
manual equipment. Hence, it can be seen that less 
reserve capacity is required and that efficiency may be 
increased. The reserve capacity required for double¬ 
unit stations is particularly affected. 

The greatly increased number of electrical devices 
required for automatic control makes this control 
equipment more susceptible to faults and failures. 
The only mitigating circumstance is the fact that this 
disadvantage is well recognized and as a consequence the 




































922 


NOERTKER: STREET RAILWAY POWER ECONOMICS 


Transactions A. I. E. E. 


automatic equipment is usually more liberally designed This equation may be proved mathematically correct 

and is more carefully installed, inspected, and main- for substation loads distributed iri any way. 

tained. Since the functioning of the automatic control The ohmic values of the load shifting resistance were 

equipments represents the best possible procedure in the calculated from the following: 

handling of all normal and emergency operating con- E r>r p n qt — i k m 

ditions and since the sequence is arranged so that the R r = -- = ~j- = le) = q.266 R 

control will perform as intended or not at all, it is evi- * e 

dent that a more reliable operation will result than (18) 

could be expected from a manually operated equipment. Where 

Thus, the possibility of material damage due to an I —Ampere decrease in load 

incorrect manual operation is eliminated. E —Decrease in substation voltage or voltage drop in 

A definite improvement to service, due to automatic resistance 


control, is the increased speed with which service is 
restored after having been interrupted by the failure 
of the high-tension power supply or by faults on the d-c. 
feeder system. 

Since the bearing, thermal, and ground devices on the 
automatic control equipment provide protection supe¬ 
rior to that possible with manual control, this must be 
considered an advantage. 

_ The advantage of the load shifting equipment pro¬ 
vided as part of the automatic control is one of the most 
outstanding benefits and should be given considerable 
weight in selecting control equipment for any railway 
application. 

Buildings. Inasmuch as the general policy of the 
Cincinnati Street Railway Company has been to provide 
substation buildings that would be a credit to the com¬ 
munity in which they were located, the full economic 
benefits usually considered possible through the use of 
automatic control have not been realized. This policy, 
however, has been instrumental in developing a con¬ 
siderable feeling of goodwill towards-the company. 

A-C. vs. D-C. Control. The selection of the type 
of control (alternating or direct current) is an important 
factor in the design of the railway power system, and 
should be given considerable attention. 

IV. Load Shifting Characteristics 
One of the most interesting problems connected with 
the design of the railway power system is that of 
determining the proper load shifting characteristics of 
the vanous substations. This became a particularly 
important factor on the Cincinnati system when the 
principle was established that the loss of any one sub¬ 
station should not seriously affect service conditions. 
The extensive use of tie feeders and high capacity load 
shifting resistance was instrumental in materially 
reducing the reserve capacity that would ordinarily be 
required to meet this condition. The first step in the 
determination of the ohmic values of load shifting 
resistances was to lay out the distribution system and 
determine the equivalent resistances between each 
station and its adjacent stations. 

The shifting in load occasioned by a drop in voltage 
can be expressed by the following formula: 


R —Equivalent resistance of tie feeders to adjacent 
stations 

Rr —Ohmic resistance of one step of load shifting 
resistance 

Ic —Full load current of converter 

The above formula assumes that the proper ohmic 
value of a single step of resistance is that necessary to 
reduce the load on the converter from 19Q per cent to 
150 per cent. It is obvious that this assumption may 
not be generally applicable. 

On the Cincinnati power system two equal steps of 
load shifting resistance were used. These were of 
sufficient thermal capacity to carry a 150 per cent load 
on the converter for 20 min. 

A consideration of Equation (17) in connection with 
the use of shunt converters indicates the feasibility of 
eliminating some or all of the load shifting resistance in 
those stations where a low value of equivalent resistance 
can be obtained. 

Load Shifting Resistor Relay Equipment. Since the 
cutting-in of load shifting resistors always results in a 
considerable loss of power, in impaired service, and in 
the possibility of shutting down the equipment on 
account of overheated resistors, it is of vital importance 
that this equipment does not cut-in unless this operation 
is absolutely essential to prevent overheating of the 
converters. In this connection, the proper application 
of relay equipment associated with the cutting-in of load 
shifting resistance is of particular importance. 

V. Supervisory Control 

Full Automatic System without Supervisory Control. 
There are conditions such as those brought about by 
storms and fires that cannot possibly be met by auto¬ 
matic control. These usually consist in the ne cessi ty 
for deenergizing trolley lines so as to eliminate the 
possibility of accidents. 

In addition to these limitations, there appears to be a 
number of situations which are not met by the present 
automatic equipment. Such a situation is the inability 
of the low voltage time delay starting equipment to 
meet all required conditions. In order to promptly 
meet emergencies such as the loss of an adjacent sub¬ 
station, it is evident that the time delay starting relay 
must be set for short time. If this adjustment is made, 
because of fluctuating railway loads, it will lead to 
much unnecessary starting and stopping of the eon- 
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version equipment resulting in higher maintenance cost 
and decreased efficiency. If the time is lengthened so as 
to correct this condition, prompt operation in case of 
trouble is sacrificed. It may be possible to meet this 
situation by a more effective control, but so far as is 
known, this has not been done. A situation similar to 
the above is the proper operation of equipment for the 
providing of night owl service. Another case in which 
it is difficult to secure the proper functioning of auto¬ 
matic control is one where trolley voltage is adjusted by 
varying the machine operating characteristics and sub¬ 
station voltage, in which case the load on the converter 
may not determine the proper point at which the con¬ 
verter should be shut down. 

Functioning of Supervisory Control. The primary 
functions of supervisory control are (1) to provide 
necessary checks on operation of substations, (2) to 
operate the system at the point of maximum efficiency, 
and (3) to change the normal automatic functions so 
as to better meet emergencies. 

Inasmuch as the entire 600-volt feeder system is tied 
together so that the loss of any one substation during the 
light load periods has little effect on the movement of 
cars, it is apparent that without some sort of indicating 
system, there is no check on substation functioning at 
this time. As most faults occurring in automatic sub¬ 
stations develop or become apparent during the starting 
operation, it is of particular advantage to have a check 
at this time so that the faults may be remedied before 
the peak period. 

Since the load demands on a street railway system are 
approximately the same from day to day, it is possible 
to calculate the most efficient way in which to operate 
the system. This will usually call for a definite schedule 
for the various units. The maximum efficiency and the 
minimum maintenance will result from keeping the 
number of starting and stopping operations as low as 
possible. This may be accomplished most effectively 
by the use of supervisory control. 

In addition to providing the means for meeting fire 
and storm emergencies, the supervisory system can 
often be used to meet emergency overload conditions. 
These are usually taken care of by automatic equip¬ 
ment through the cutting-in of the load shifting 
resistance which, as before stated, results in power 
loss, impaired service, and the possibility of overheated 
resistors. Improved service will frequently result from 
dropping tie-feeder loads since this may permit the 
reclosing of the resistance shunting contactors. 

Remote Metering. As applied on the Cincinnati 
power system, the remote ammeters provide the dis¬ 
patcher with a continuous check on the operating con¬ 
ditions of the converters both when starting and running. 
The ammeter, although calibrated to read in d-c. 
amperes, really measures the current in the a-c. side of 
the converter. The load readings are essential if the 
dispatcher is to shift loads during emergency overload 
conditions. The recording volt meters provide a 


continuous check on that most important operating 
factor, substation bus voltage. 

Conclusions 

Inasmuch as topography, arrangement of the city, 
density of population, and traffic conditions have such 
a definite bearing on the distribution of load and car 
operation, it is impossible to draw conclusions that are 
generally applicable to all railway systems. In any 
city, however, the comprehensive design of a power 
system must consider as one problem the effect of 
trolley voltage on car speed, the distribution system, 
the location of substations, and the selection of con¬ 
version equipment. 

(a) On any railway system the effect of trolley 
voltage on service is a most important consideration 
and merits a more extensive study than has yet been 
given to it. 

(b) Kelvin’s Law with certain limitations is gener¬ 
ally applicable to the design of railway feeders and 
offers a relatively simple solution to the problems of the 
determination of proper feeder sizes. 

(c) Converters and transformers designed to give 
the greatest possible flexibility as to operating voltage 
should be selected. Compound wound converters 
capable of being operated as shunt machines are most 
suitable for the railway power system, the flat voltage 
characteristics being desirable for grades and outly ing 
territories and the shunt characteristics being more 
desirable for congested areas. 

(d) The use of automatic control results in the most 
economical and reliable system. 

(e) With a complete automatically controlled sys¬ 
tem, it is necessary to have some sort of check on sub¬ 
station operation. Supervisory control, in addition 
to providing such a check, furnishes a method for more 
efficient normal and more effective emergency operation 
than is possible with full automatic equipment acting 
alone. 
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Discussion 

T. H. Schoepft There is one point in the assumptions of 
fixed values which have been established by the author that I 
question the correctness of, and that is the fixed charge of 12 
per cent in the one instance and 15 per cent in the other, wherein 
2 per cent has been included for taxes and 2 per cent for a reserve 
fund. As a matter of fact the higher you select the total of that 
percentage, the smaller your cable becomes. 

If the size of. the cable is figured by the formula as established 
by the author and established by others on the Kelvin law, the 
cable is a little larger than common sense dictates, and usually it 
is trimmed down to some extent. 

Those who have had experience with tax commissions I think 
know how they make up taxes. A budget is submitted to the tax 
commission of how much the state requires. They look over the 
companies they think can afford it, and they say, “This is your 
tax; this is your valuation based on the tax,” and that is what 
you pay. So computing the property by the amount of this cable 
doesn’t make any difference in the tax. 

I think the whole percentage should be lower than 12 and 15 
respectively. However, as a matter of fact the property here was 
figured out by the method Mr. Noertker has exposed. It was 
modified in some places where judgment dictated modification 
was required, but we were particularly concerned with the 
tie-feeders, and it is very gratifying to every one to see how com¬ 
pletely the scheme laid out by this system works out in practise 
to accomplish the result aimed at. 

J. C. Bailey: In comparing the installation of 1000-kw. 
capacity converters with 750-kw. capacity, and basing the ca¬ 
pacity of these machines on approximately 80 per cent of the 
required normal substation capacity, it is of interest to note that 
the 740-kW. machines will operate at approximately 75 per cent 
of its rated load, and the 1000-kw. machine operates at approx¬ 
imately 50 per cent of its rated load. 

The result is a loss in the over-all efficiency of 0.5 to 1 per cent in 
the operating expense per kilowatt hour. On this basis it is a 
question, due to the increased operating cost and carrying charges 
of the larger sized machines, whether there is an apparent saving 
in the distribution and general operating cost of the system. 

An interesting feature on the rehabilitation of the Cincinnati 
Street Railway system was the adoption by the power company 
of the total synchronized metering scheme. The instruments on 
the market and available at the time were subject to variations 
in supply voltage and frequency, and in order to keep 19 instru¬ 
ments an instrument had to be selected in which the operation 


would not be affected by variations in supply of voltage. The 
totalized metering scheme was discussed and the cost was con¬ 
sidered prohibitive, and so it was finally decided to adopt the use 
of the Landis and Garr mexagraph recording demand and 
kilowatt hour meter. 

This instrument is built of two sections consisting of the 
standard watt hour meter element and recording power demand 
mechanism. 

Briefly the outstanding features which may be mentioned 
here are: it will operate in synchronism regardless of whether 
the power is on or off as there is a 50-hr. reserve drive in the main 
spring for operating the mechanism with the potential removed 
from the motor. The power demand is recorded by means of a 
silver-tipped stylus moving over a specially prepared paper, and 
third, the minute adjustments provided for resetting the charts 
on demand periods within 15 sec. 

In regard to the question of a-c. against d-c. control, I should 
like to state that our company has done considerable investiga¬ 
tion work in regard to the merits of both types, and finds that the 
d-c. type of control for automatic substations is superior to the 
a-c. system. The maximum continuity of service is assured, as 
the control bus is not subject to the usual variation in the supply 
of voltage, while the station is carrying a load or coming into 
service with d-c. voltage condition, such as may occur under a 
general system disturbance. 

J. A. Noertker: Colonel Schoepf questioned the allowance of 
2 per cent for reserve. I have never found any place where such 
an item has been included, but in Cincinnati the street-railway 
properties are limited to a 6 per cent return on our investment 
because of the franchise, and I would hesitate to recommend any 
increase in feeder or any other scheme that would possibly show 
only a 6 per cent return on the investment; therefore, I included 
2 per cent additional just to be sure that installing this feeder was 
a good investment. I did that rather than consider the thing 
only from the common sense point of view and put in a little 
smaller or a little larger feeder. It is at least definite. 

Mr. Bailey raised the question of 1000-kw. versus 750-kw. units. 
A 750-kw. converter is a 1200-rev. per min. machine, and there is 
no question but that it is subject to higher maintenance than the 
1000-kw. machine. In addition to that the places in which we 
installed the 1000-kw. machines were outlying territories, and 
although we couldn’t at this time really justify more than a 750- 
kw., we felt that there may be some possibilities of future growth 
in those locations; so we put in the 1000-kw. machines. At the 
present time we are undoubtedly standing a little greater loss 
than if we had applied the correct capacity, but this is probably 
offset by reduced maintenance. 



Automatic Mercury Rectifier Substations in 

Chicago 

BY A. M. GARRETT* 

Associate, A. I. B. E. 


Synopsis. Two automatic mercury-vapor rectifier substations The reasons for the selection of this type of converting equipment 

having 8000-kw. 6000-ampere, 600-volt rectifiers are described in instead of the rotary converter are enumerated. Information is 

is paper. These rectifiers are the largest installed in this country, given on the auxiliary apparatus and the control arrangement. 


T HE placing in service recently of two mercury- 
vapor rectifier substations in Chicago, automatic 
in operation, marks the fourth of a series of 
rectifier installations in this vicinity. The application 
of approximately 10 rectifiers to steam road electrifica¬ 
tion service, as well as city traction supply, has perhaps 
made the Chicago District the representative locality 
for this new type of converter. 

The decision to make the latest units automatic in 
operation was based on two fundamental reasons, 



Fio. 1—3000-Kw. Mercury Abo Rectifier at Maypole 
Avenue Substation 

first, to determine whether the so called adaptability 
of the rectifier to automatic operation would be borne 
out by practical experience, and second, to demonstrate 
comparative performance with the automatic operation 
of the synchronous or rotating converter. Both types 
serve the same class of load supplying 600-volt energy 
to the elevated and surface lines systems of Chicago. 

Because of the number of rectifiers of the iron tank 
type originally installed in Chicago or vicinity, the sub¬ 
sequent wide-spread interest in their performance, and 
the changes and additions in the latest units, making 
them more applicable to American practise, a word in 
explanation of the decision to use this type of unit for 
railway service is necessary. 

1. Engineer of Substations, Commonwealth. Edison Company, 
Chicago, Ill. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati, Ohio, March £0-88,1989. 


Although from an operating point of view this 
decision is based upon a performance not equal as yet 
to that of the synchronous converter, improvements 
recently made in rectifiers, together with removal of 
handicap due to size, are some of the factors which lead 
us to believe the difference in reliability has practically 
disappeared. 

The usual advantages generally understood to be 
characteristic of the rectifier are: a converting device 
simple in design and construction; practically no moving 
or wearing parts; low maintenance and inspection costs; 
absence of renewal expense and higher efficiencies. In 
addition, the advantages which are outstanding for 
rectifier .installations when located in metropolitan 
areas are the use of water for cooling purposes instead 



Fig. 2—Control and Feeder Switchboard, Maypole 
Avenue Substation 

of air, absence of noise and vibration, and the eliminar 
tion of massive foundations and ventilating duct 
construction. 

The increased number of facilities required with the 
installation of the modem converter of the rotating 
type has become a problem and a matter of concern 
from an operating point of view, as well as that of 
investment. Whether located in leased space below 
the street level in a commercial building, or in a sub¬ 
station building of the conventional type generally 
found in the outlying territory, the present synchronous 
converter must be provided with enclosures to which are 
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connected extensive space consuming air intake and 
exhaust systems, air cleaning and blower equipment, 
part of which is fitted in and around massive foundation 
work. These facilities or a modification of them must 
be provided for ventilation of the Unit or for noise 
mitigation, or for both. The use of the mercury 
rectifier appears to be the answer to these problems 
which cannot be solved satisfactorily when the older 
type of converter is used. 

The two rectifiers which are of the largest ampere 
size installed to date in this country, were manufactured 
by the American Brown-Boveri Electric Corporation. 
This capacity is obtained from a single cylinder ar¬ 
ranged with 12 water cooled anodes. The rating of 
unit is 3000 kw. 5000 amperes, 600 volts, with 50 per 
cent overload capacity for two hours and 200 per cent 
load for one minute. Although nominally known as a 
600-volt outfit, a no-load tap arrangement permits a 
range of voltage on the output side of the rectifier of 
575 to 650 volts in steps of six full capacity taps. The 
rectifier which receives its a-c. energy from oil insulated 
self-cooled transformer is operated from the three-phase 
12,000-volt, 60-cycle grounded neutral system of the 
Commonwealth Edison Company. The rectifier unit 
together with the 600-volt feeders are fully automatic; 
the 12,000-volt switching equipment is remote con¬ 
trolled from the nearest attended substation in the 
territory. The 12,000-volt supply to the rectifier 
substation is furnished in two lines arranged in a loop 
formation from the same attended substation. 

The pump equipment for exhausting the air and 
gases from the cylinder is different from previous units 
in that two sets of pumps are used instead of one, and 
the mercury vapor pumps are separated from the 
rotary vacuum pumps, and are mounted upon the 
rectifier cylinder making a shorter and more effective 
piping arrangement with the condensing chamber. 

Because the mercury rectifier is essentially a static 
conversion unit, devices necessary to prepare it for 
automatic operation are relatively few in number. 

The starting of the unit is controlled by a time clock 
which can be set at any predetermined time to place in 
motion the customary control equipment c omm encing 
with the master control relay which functions in se¬ 
quence to close the a-c. oil breaker, strike the ignition 
and excitation arcs within the cylinder, start the cooling 
water, and close the d-c. breaker connecting the uni t to 
the 600-volt bus and the pick-up load that is available. 
Ordinarily the total time for this operation is less than 
one minute. To shut down the unit the master relay 
trips the a-c. oil breaker which through auxiliary 
contacts cuts off the excitation and trips the d-c. breaker. 
To the a-c. breaker operation is added the function of 
reclosing the three trials at redosing before locking out 
after the third attempt. 

The pumping equipment, which is used to maintain 
vacuum within the cylinder, operates independent of 


any of the other automatic functions of the unit and the 
control for this equipment is in operation at all times 
whether the rectifier is connected to the system or not, 
except at such times that the unit may be taken out 
of service for repairs or other reasons. This control 
consists essentially of a hot wire gage operating on the 
Wheatstone Bridge principle, arranged so that two of 
the arms of the bridge are subject to the gas pressure 
within the cylinder, while the other two are exposed 
to the pressure of the atmosphere. The difference in 
resistance due to difference in pressure causes a current 
to flow through a vacuum meter which is calibrated 
to indicate the vacuum directly in millimeters of 
mercury. This meter also carries contacts which 
control the action of the mercury and rotary pumps 
placing in operation the mercury pump only when there 
is a high vacuum, both mercury and rotary pumps when 
a medium vacuum exists, and operates the lockout 
relay taking the rectifier off the system when low 
vacuum is indicated. 

The amount of water supplied to the rectifier is 
regulated in accordance with the load demands through 
the registering of the temperature of the discharge 
water upon a thermostatic device which in turn controls 
the solenoid operated water valves. 

Briefly the entire installation is protected against 
overloads, short circuits, overheating of the rectifier 
cylinder, failure of the water supply, failure of the 
auxiliary power supply, and high-voltage surges as 
follows: 

Overload relays of the induction type located on the 
high-voltage side of the transformer protect against 
overload and short circuit conditions. This action is 
selective with the d-c. breaker. 

A series of continuous overloads which may occur 
below the setting of the overload relays and cause 
undue heating of the rectifier, if persisted in long 
enough, is guarded against by means of a thermal 
relay. The rectifier is further protected against over¬ 
heating by a temperature relay which gives a visible 
warning when the temperature of the cylinder reaches 
60 deg. cent, and at 65 deg. cent, locks out thesubstation. 
Protection is afforded to the equipment in case the 
cooling water to the vacuum pumps fails, fuses in the 
supply circuit to the pumps blow, or the service of the 
supply circuit is interrupted or fails. 

Protective resistance and spark-gaps connected to 
the anode leads mitigate the effect of high-voltage 
surges. 

An 8000-ampere Westinghouse carbon breaker pro¬ 
vides the switching device for the output side of the 
unit, as well as protecting the rectifier against short 
circuit, overload, and reverse current conditions. 

Further protection as to overload and short circuit 
conditions on the d-c. side of the rectifier including 
selectivity with the Westinghouse breaker is provided 
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by the General Electric moderate speed breakers with 
which each feeder is equipped. The breakers are 
automatic and reclosing in action. 

To reduce the amount of scale forming matter which 
may deposit in the water passages around the cylinder 
due to roiled or muddy water, the cooling water is first 
passed through sand filters. It is expected that the 
amount of cleaning of the water chamber will be 
materially reduced. 

The interior of the substation building is designed to 
meet the requirements of this type of conversion uni t, 
its auxiliaries, and switching equipment. Generally 
the arrangement is similar to that of a rotating unit 
except for the absence of those features mentioned 
before. The exterior architecture of the building 
presents a structure pleasing in outline and creditable 
in appearance to the neighborhood. 

The length of time the two units have been in service 
is much too short to gain any information as to operat¬ 
ing performance. It may be said, however, that the 
two rectifiers were placed in service just prior to the 
time the heavy winter load occurs on the traction 
systems, and although subject to only a short seasoning 
period, the units have shown good performance up to 
the first of January, carrying at times integrated loads 
almost equal to the rated capacity. 

Discussion 

Otto Naelr About half of the rectifier substation equipments 
furnished by ilio company with which I am associated are de¬ 
signed for automatic operation. The combined output of these 
automatic stations, however, is smaller than that of the manually 
controlled stations, which indicates the general trend of using 
automatic control for a large number of small, decentralized 
substations and reserving manual control for tho larger, moro 
centrally located substations. Among the automatic rectifier 
substations I wish to mention especially one which is designed as 
a portable unit and has all. the equipment mounted on a standard 
railroad car. 

The two new 3000-kw. rectifier substations in Chicago aro 
outstanding by the size of rectifior used, oacli tank having a 
nominal rating of 3000 lew. at 600 volts. This is considerably 
more than lias been thought possible until quite recently. The 
Chicago rectifiers are the first ones of this large size which were 
put in operation in this country and 1 think the operating com¬ 
pany which installed them has rendered a very important service 
to the art by trying them out on their important system and 
obtaining valuable operating data that will be of interest to other 
users of converting equipment. 

That the engineers have confidence in these large rectifiers is 
indicated by the fact that up to the present time more than 45 
rectifier cylinders of this size have been ordered here and abroad, 
of which nearly 30 are already in operation. Among the out¬ 
standing installations in this country and Canada I wish to 
mention a repeat order of 4 more rectifiers for the Chicago District 
and an electrochemical application in a large zinc-smelting plant 
in Western Canada, where 6 rectifiers will be installed, having an 
aggregate capacity of 16,800 lew. These latter rectifiers, while 
having equal output as the rectifiers now in operation in Chicago, 
have considerably less weight and a smaller diameter, a develop¬ 
ment which has been made possible by the good results obtained 
with those already in service. 

J. A. Noertkers I should like to ask Mr. Garrett whether 


rectifiers can be designed so as to have a flat voltage characteristic, 
and if they are so designed, whether this characteristic can be 
changed so as to have a shunt characteristic. 

On our Cincinnati system we have found it to be advantageous 
to have a flat voltage characteristic in our outlying territories 
so as to maintain a scheduled speed. At the.same time there is 
the possibility of these stations becoming permanently over¬ 
loaded, and this could be rectified to a certain extent if we could 
later change this to a shunt characteristic, which we intend to do.- 

T. H. Schoepf: I should like to know the size, of the sand 
filter mentioned in the paper. Probably the water in Chicago has 
no mineral deposit in it that would cause deposit in the pipes that 
would go through a sand filter bed. 

Also, in an outlying district where the rectifier may be out of 
service as much as 12 to 24 hours, what provisions do you make to 
prevent the water from freezing, and is the filtered water used 
over again? 

George Swallow: I think it is refnarkable that the total 
installed capacity of the mercury arc rectifier for railway service 
has increased practically 100 per cent in the last two years, and 
I believe it is the consensus of opinion of the operating companies 
that the rectifier is now well on its way toward replacing the 
rotating type of equipment, due mainly to the better efficiency. 

I don’t think Mr. Garrett mentioned in his paper just what the 
efficiency is, and ho might be able to give us some idea of the 
actual gain made under regular operating conditions at 600 volts. 
It is evident that at 1500 volts the efficiency is so much greater 
that rotating equipment cannot compete with the rectifier on the 
efficiency basis. 

There have been figures made and tests carried out on the 
Illinois Central system on various rectifier substations, and it has 
been shown that the actual gain in efficiency has been about 17 
per cent on a capacity factor of about 12 per cent with 3000-kw. 
units. . 

A. M. Garrett: Mr. Naef’s contribution has brought out 
the point that the problems in Chicago may be a little different 
from those in other places. We have had problems where the 
space has been so valuable that we could not include in some in¬ 
stallations the ventilating devices I mentioned in the paper. 
We for years the problem of commutation on the existing 
converters of the rotating type. Most of them were brought to a 
satisfactory condition. We oven went so far as to look into the 
question of the design of the rotating unit to determine whether 
we couldn’t thereby improve the commutation. With the 
advent of the first 60-cycle converters in 1916 we experienced 
trouble with unstable) machines. They have since been im¬ 
proved so that the later types are better and not so susceptible 
to the swinging loads that accompany heavy drafts of power 
serving the traction systems. We have also had trouble with 
flashing of converter commutators, which in some instances has 
put the substation out of service for some considerable time. 

Flashovers are reproduced in the rectifier in the form of are 
backs, but in many cases the unit can be switched right back into 
service. After a flashover no inspection is necessary unless the 
vacuum has dropped, and that doesn’t happen very often. 
The rectifier has this advantage, it can be switched back im¬ 
mediately but this cannot be done with the rotary converter. 
Generally, at least, an inspection must be made and if there is 
a-flashed commutator the unit is sometimes out for hours. 

Mr. Naef, I believe, spoke of four units now on order. These 
together with others will total some 18,000 kw. for service in 
Chicago, and will replace existing 25-cyele converters so that the 
supply to the load will be changed over from 25-cyele generators 
to 60-cyele generators, thus working toward a unified frequency 
of 60 cycles, standard in the Chicago district. We find that it is 
a rather happy combination in an old 25-cycle converter sub¬ 
station, to install a 60-cycle rectifier in it, using the rectifier as a 
base-load machine and the converters for peak purposes only. 

The efficiency is not so much greater than it is with the 60- 
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cycle converter as far as tlie actual plant efficiency of the sub¬ 
station is concerned, but we do have a machine that operates very 
nicely as a base-load unit. We gain a little in efficiency and 
saving in energy cost. 

Mr. Noertker wanted to know about the voltage characteris¬ 
tics. I can’t say exactly as to that. I would rather leave this to 
some representative of the manufacturers, but I don’t believe you 
can get an absolutely flat characteristic unless you ins tall load- 
ratio control equipment connected to the transformer winding on 
the high side. 

Regarding the matter of vacuum, if it cannot be restored and 
the unit must be opened there will be a considerable loss of time. 
In some severe cases of trouble such openings may run as high as 
75 to 100 hr., especially if it is necessary to re-form. If the unit is 
opened only for inspection of certain parts or possibly to clean it 
in case the mercury has become dirty, the time out of service is 
not so long. It then becomes only a matter of the time actually 
taken to disassemble and reassemble, followed by a short period 
thereafter to bring the vacuum back by reforming. This is 
because all materials have been thoroughly seasoned. If a unit 
needs a new anode or a new insulator, or any other new iron 
material, considerable time is necessary to lay the machine out of 
service, take it apart, and put in the new parts, clean it thoroughly 
internally, and reform until the new material hn* seasoned 
properly. 

Colonel Schoepf mentioned the size of the water filter. It is 


about 8 ft. in diameter and stands about 7 ft. high. ’ If it is in 
some outlying district where the water pressure may be low, 
possibly a pump arrangement may be needed. In the last instal¬ 
lation we put in a pump, but we have not used it as yet. 

The possibility of water freezing in cooling passages has to be 
guarded against. One manufacturer, who has a unit in a sub¬ 
station with low load, during the cold period in the morning in the 
winter months provides heaters in the water passages to keep the 
temperature up to a safe limit. Otherwise there will be trouble 
in starting the are. We experienced such trouble with one unit 
during the past winter. 

We don’t use the water over again in Chicago, but waste it. 
In the Public Service Company territory, at the Vollmer Road 
Substation, there is no city water system, and water is drawn 
from a well and recirculated through surface coolers cooled in 
turn by a fan. 

Mr. Swallow mentioned gain in efficiency. We did gain some 
efficiency in the case of the rectifiers on the Illinois Central Sys¬ 
tem. That load, however, is a different one from city traction 
loads, as it is highly fluctuating, and the efficiency of the rectifier 
is much higher at quarter load or around quarter load, so there is 
a gain when light loads of considerable duration are placed on the 
rectifier. Where there are many units in the single substation, 
however, approximately this same gain may be obtained with 
rotating converters by cutting them in and out in accordance with 
the load demands. 



Arc Welding of Steel Buildings and Bridges 

BY FRANK. P. McKIBBEN' 

Non-member 


T HE art of welding structural steel by electricity is 
developing rapidly and this year witnesses many 
applications of this process to construction and to 
reinforcement of bridges and buildings. The electric 
arc furnished designing engineers with a new tool which 
has been widely adopted not only in the fabricating of 
bridges and buildings, but also in many factories for 
welding parts of machinery and for assembling struc¬ 
tural steel sections as substitutes for castings. 

With proper supervision of design and workmanship 
one can secure safe construction as is evidenced by the 
existence of over sixty welded buildings in which no 
failures have been recorded. For a new type of con¬ 
struction this is truly a remarkable record, but in this 
connection, we must not forget that welded construc¬ 
tion in its early stages has received far more experi¬ 
mentation, more careful supervision in execution, than 
did concrete or riveted work at the corresponding 
stages of their development. 

Among the most important matters now receiving 
attention are: revision of building codes, preparation of 
specifications for welded buildings, accumulation of cost 
data, training of designers, the qualification of welders 
and inspectors, and additional tests of welded joints. 

Building Codes 

The recent movement to change fiber stresses in steel 
construction from the 16,000- to the 18,000-pound basis 
has resulted in the revision of various municipal building 
codes. Among political divisions now actively engaged 
in revising their codes are New York, Philadelphia, 
Pittsburgh, Chicago, Lansing, Schenectady, several 
cities in California, and the State of California, and it is 
hoped that in these revisions due consideration will be 
given to the advantages of welding and that enabling 
provisions will be incorporated therein. 

The American Welding Society's Committee on 
Building Codes is now draf ting a code for welding, and 
until its report is published, cities may either adopt 
an enabling ordinance without any attempt to specify 
details of welded steel construction, or on the other 
hand may draft codes as complete as is now possible to 
obtain, giving the technique of welding and its appli¬ 
cation to steel buildings. 

An example of an enabling article of general nature is 
as follows:—“Welding may be substituted for or used 
in connection with those methods already prescribed 

in the building code of the City of . for 

assembling the component parts of and connecting 
together various beams, girders, lintels, trusses, columns, 

1. Consulting Engineer, General Electric Co., Black Gap, Pa. 
Presented at the Middle Eastern District of the A. I. E. E., 
Cincinnati, Ohio, March 30-23,1929. 


or other structural steel used in building construction; 
provided, that welding be done by competent workmen 
in accordance with designs and under supervision of a 
competent architect or engineer skilled in this work; 
and under regulations or specifications recommended by 

the Bureau of Building Inspection of the City of. 

and adopted by the Common Council of the City of 

t) 

In addition to an enabling article similar to that out¬ 
lined above, a specific code should include articles 
pertaining to definitions, materials, apparatus, permis¬ 
sible unit stresses, workmanship, qualification of weld¬ 
ers, proportion of parts, and the protection of steel. 

Specifications for Arc Welding Steel Buildings 

Architects and engineers are finding that specifica¬ 
tions concerning arc welding are not easy to secure, and 
so many are the inquiries regarding this subject that 
there has been included in the Appendix of this paper 
a proposed set of specifications based on experiences 
gained with four welded steel building frames, and 
prepared after conferences with several prominent 
structural engineers and welding specialists. These 
specifications contain nine sections under the following 
headings: 1-General Application, 2-Definitions, 3- 
Materials, 4-Apparatus, 5-Permissible Unit Stresses, 
6-Workmanship, 7-Qualification of Welders, 8-Pro¬ 
portion of Parts, and 9-Protection of Steel. 

Cost of Welding 

Judging from the welded trusses of Building No. 1 of 
the General Electric Company’s West Philadelphia 
plant the cost of welded trusses should be below that of 
any other method of connecting truss members. In 
that case a very great reduction was found in weight of 
welded trusses as compared with riveted trusses 
designed to perform the same function. A 58-ft., 6-in. 
welded truss weighed 5000 lb. as compared with 6800 
lb. for a riveted truss, a saving of 1800 lb. or 36 per cent 
of the welded truss. A 78-ft. welded truss weighed 
9200 lb. versus 13,200 lb. for a riveted truss, a saving 
of 4000 lb. or 43 per cent of the welded truss. While in 
buildings with a large number of trusses a saving is 
effected by welding, I doubt if very great reductions in 
costs result at present from use of welding in buildings 
consisting entirely of beams and columns. But where 
a large number of plate girders is used in a structure 
the probabilities are that welding will materially lessen 
costs, especially where automatic machine welding is 
applicable. 

However, the architect or engineer has a very good 
way at his command for ascertaining whether he can 
reduce costs with welding. All he need do is to ask for 
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alternate bids between riveted steel and welded steel; 
a method recently adopted in several instances. 

Qualifications of Welders 
On important building or bridge work it is not suffi¬ 
cient to employ welders upon their claims of experience 
in welding. While their claims may be perfectly correct 
and made in good faith, nevertheless it is true that a 
welder may be capable of securing excellent results on 
one class of work and yet be unable to perform well the 
work at hand. Each man should be tested by at least 
one of the three methods mentioned in the specifications 
in the Appendix. 

A tendency exists to exaggerate this matter of tests 
for qualification of welders. It is certainly desirable 
to have good weldera, but over zeal in this test business 
is not wise because it tends to create scepticism regard¬ 
ing safety of welds, to unnecessarily increase the cost, 
to restrict welders with rules not applied to other work¬ 
men, such as riveters and mixers of concrete, and to 
create unnecessary municipal regulatory bureaus. 

•Recently, it has been suggested that all welders in a 
certain city be licensed by the municipal Bureau of 
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Building Inspection. I hope this method will not be 
adopted in any city. All that is needed is .that the 
engineer or architect in charge of a welded steel building 
frame have on the work a competent inspector who 
qualifies the welders by any or all of the methods set 
forth above. If some municipal regulation is necessary 
it would seem better to have the contractor for the steel 
submit evidence that the welders he proposes to use on 
tiie building in question meet the qualification tests. 
But from my experience in this matter, I think no 
municipal regulation should be adopted other than 
those commonly applied by codes to other types of 
construction. 

Of the test methods, the tests to determine the 
longitudinal shearing value, Fig. 1 (Section 7, Article 
3 of the specifications), is the best but most expensive 
for ordinary building construction involving tr uss es, 
beams, girders, and columns. The test specimen 
shown in Fig. 1 is designed in such a manner that when 
the 10 in. of fillets reach their ultimate shearing strength 
the unit tension in main and splice plates will not 
materially exceed the elastic limit. In fairness to the 
welders they should be given an opportunity before 


making the test specimens of familiarizing themselves 
with, the type of electrode and current density to be 
employed. 

It is desirable to test the welders in this manner from 
time to time during the progress of the work. The 
accompanying Table I gives the results of such tests 
for five welders at the Trenton welding shop of the 
American Bridge Company during the progress of 
welding the trusses for West Philadelphia Building No. 
1 of the General Electric Co. 

Table I shows a maximum ultimate longitudinal 

TABLE i 

TESTS ON TEN SPECIMENS TO DETERMINE VARIATIONS 
IN WORKMANSHIP OP FIVE SHOP WELDERS. 
LONGITUDINAL SHEARING VALUES ARE 
A MEASURE OP COMPETENCY 


Number of 
specimen 

Welder’s 

number 

Length of 
fillets total 
inches 

Ultimate 

load 

pounds 

Ultimate 
per linear 
inch pound 

Average 
per linear 
inch pounds 

3 A 

3 

10 

132,670 

13,267 


3 B 

3 

10 

120,700 

12,070 

12,669 

1 A 

1 

10 

127,860 

12,785 


1 B 

1 

10 

120,630 

12,003 

12,424 

2 A 

2 

10 

120,570 

12,057 


2 B 

2 

10 

113,930 

11,393 

11,725 

4 A 

4 

10 

116,510 

11,551 


4 B 

4 

10 

111,580 

11,168 

11,356 

5 A 

5 

10 

105,660 

10,506 


5 B 

5 

10 

101,370 

10,137 

10,352 




Average 

11,705 



Experience of Welders Tested in Table I 
Welder Number Experience 


Welding school but no previous experience. 

No welding school but previous experience. 

Welding school and previous experience. 

No welding school but previous experience. 

Welding school but no previous experience. 

shearing stress per linear inch of fillet of 13,267 lb., and 
a minimum of 10,137 lb., with an average of 11,705 
lb. As the minimum shearing section of a 24-in. fillet 
one in. long is 0.266 sq. in., the above figures correspond 
to ultimate shearing stresses per square inch of minimum 
section as follows: maximum 49,900, minimum 37,100, 
average 44,000 lb. per sq. in. respectively. Moreover, 
when the fillets were stressed to the breaking loads the 
average unit tension in the two 5-in. by J4-in. splice 
plates as well as the main 6-in. by %-in. plates were 
materially less than the elastic limit in each spe cim en. 
It will be noticed that the test specimens used in these 
tests were slightly different from those given under 
qualifications of welders, Fig. 1, Section 7, Article 3, 
of the specifications given in this paper. 

Table I reveals two interesting facts, though of course 
it must be remembered that only ten specimens are 
included. First, the highest result 13,276 lb. per linear 
m. of the best welder is 3130 lb. or 30.8 per cent above 
the lowest value of the least efficient welder. The 
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maximum is about 14 per cent above and the minimum 
14 per cent below the average value. Second, although 
a considerable variation exists between values of the 
best and poorest welders, a conspicuous similarity is 
shown between the two test results of each individual 
welder. 

Inspection 

As in riveted steel and in reinforced concrete con¬ 
struction, the conservative engineer provides inspection 
of welded work both in shop and field. It is the duty 
of the inspector to see that sizes and lengths of steel 
sections are correct, that welders are qualified, that 
the proper current and electrodes are used, that the 
current values are changed to suit the various sizes of 
fillets and thicknesses of steel, that the sizes and lengths 
of fillets are deposited to conform with those specified 
on drawings, that all parts conform to drawings as to 
size and position. The inspector should be required to 
make daily reports as to quality and quantity of work 
performed. 

A good inspector can learn by visual inspection a good 
deal about a fillet. Rounded edges denote lack of 
penetration of fillet into parent metal, i. e., into parts 
being welded; one short and one long side of a triangular 
fillet indicates that the wire electrode has been held at 
an incorrect angle of welding; a crater at any point in a 
fillet other than the end is evidence that the arc has 
been broken and the fillet not continuously laid; 
numerous gas holes on the surface of a fillet indicate 
too long an arc and a lack of penetration; a current, 
shown by the ammeter on theweldingmachine, too great 
for thin plates or too light for thick ones, is undesirable 
and the inspector should see that the welders adjust 
their machines to obtain the current suitable for the 
thickness of the material being welded. 

In comparing the lengths of fillets actually deposited 
in the shop with those designated on the drawings it 
has been my experience that generally the total 
measured deposits exceed the total compiled from 
drawings, but now and then an individual fillet 
may be either greater or less than designated. 
For example, at the welding shop of the American 
Bridge Company at Trenton the total fillets on one 
welded truss aggregated 633J^ linear in. as compared 
with 598 in. specified. And while the maximum excess 
of actual length of an individual deposit over that 
specified reached as much as 52 per cent, in two other 
fillets deficits of 8.8 per cent and 10 per cent respec¬ 
tively occurred. These deficits are not due exclusively 
to the welder, but sometimes may be attributed to 
inaccuracies on drawings where a specified length of 
fillet is impossible to execute. 

Tests on Welded Joints 

Although sufficient test data pertaining to the 
strength of welded joints are available to enable engi¬ 
neers to produce safe designs for ordinary joints there 
is still need for additional tests covering several types of 


joints which will be used more freely in buildings or 
bridges when sufficient design data are obtainable. 

Tests may be classified under three divisions: 

1. Longitudinal shear on fillets. 

2. Transverse shear on fillets, involving also 
simultaneous tensile or compressive stresses on 
some planes within the fillets. 

3. Tensile and compressive strengths of welds 
in butt joints. 

1. Longitudinal shearing values of fillets have been 
sufficiently well established for safe design of ordinary 
connections, but several important problems in con¬ 
nection with this shear have not been studied suffi¬ 
ciently. These are: 

a. Relation between longitudinal shearing 
strength and the length of fillets. Our knowledge 
of longitudinal fillets is as complete relatively as 
it is of the shearing strength of a group of fillets. 
But the exact distribution of the shear along the 
fillet has not been determined. Several investi¬ 
gations indicate that the strength per linear inch 
lessens as the fillet becomes longer. We do not 
know the laws of distribution of stresses over a 
group of rivets; e. g., given a lap riveted joint with 
five rivets in a row parallel to .the line of stress; are 
the stresses on the rivets equal, or does each end 
rivet in the row carry more stress than the central 
rivet, if so, how much more? And so it is with a 
fillet; the end inch has a different stress from the 
central inch but how this intensity varies we know 
not. If we can learn this we will know more about 
welds than we know about rivets. 

b. Relation between longitudinal shearing 
strength and the size of the fillet. A square inch 
of weld metal in a J^-in. fillet may have a given 
longitudinal shearing strength. Will the strength 
per square inch of a J^-in. fillet be the same? 
Several series of tests indicate that the smaller the 
fillet the greater the strength per unit of area, while 
others do not show this characteristic. 

e. Relation between longitudinal shearing 
strength and the number of layers used in deposit¬ 
ing the fillet. Here again there is conflicting 
evidence, because some tests seem to indicate that 
the unit strength for a fillet of given cross-section 
increases if the fillet be deposited in two layers 
instead of one, while other tests fail to substantiate 
this. 

2. Transverse shear, involving also simultaneous 
tensile or compressive stresses on some planes, exists 
in a fillet such as that across the top flange of an I beam 
welded to the side of a column. If the top of the beam 
is in tension the fillet is subjected to a transverse stress 
which apparently varies from pure shear on the hori¬ 
zontal side of the fillet to pure tension on the vertical 
side thereof. I say apparently, because the exact 
location of planes of principal stresses needs study. 

3. Tensile and compressive strengths of welds in 
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butt joints have been given a great deal of attention. 
The former is useful in designing joints in pipes and 
cylindrical tanks, while the latter is of value in planning 
joints such as butt splices in some compression members 
such as at top chord splices. Many tests are added 
daily to the very considerable amount of available data 
of this nature. 

A Series op Tests to Determine the Longitudinal 
Shearing Strength op Fillets 
In May 1927, the General Electric Company made 
and tested at Rensselaer Polytechnic Institute a series 
of 48 welded specimens to ascertain the longitudinal 
shearing strength of fillet welds; results are given 
herewith in Tables II and III, and summarized in 
Table IV. 

These two series of tests were designed to give ulti- 

TABLE II 

LONGITUDINAL SHEARING STRENGTH OP FILLETS 


Specimens Tested in Tension 


Specimen 

number 


Fillets 

Ultimate 1( 

3ads pounds 

Size 

inch 

Length 
each fillet 
inches 

Number of 
linear 
inches 
each side 

Total 

Per linear 
inch of 
fillet 

IT—1 

3/8 

3 

12 

173,300 

14,442 

—2 

3/8 

3 

12 

164,100 

13,675 

—3 

3/8 

3 

12 

154,400 

12,867 

Average 




163,933 

13,661 

2 T—1 

3/8 

4 

16 

212,000 

13,255 

—2 

3/8 

4 

16 

216,100 

13,506 

—3 

3/8 

4 

16 

191,600 

11,975 

Average 




206.593 

12,912 

3 T—1 

3/8 

5 

20 

276,580 

13,829 

—2 

3/8 

6 

20 

268,300 

13,415 

—3 

3/8 

5 

20 ’ 

262,100 

13,105 

Average 




268,993 

13,460 

4 T—1 

3/8 

6 

24 

317,000 

13,208 

—2 

3/8 

6 

24 

316,900 

13,204 

—3 

3/8 

6 

24 

330,300 

13,763 

Average 




321,400 

13,392 

5 T—1 

1/4 

3 

12 

139,500 

11,625 

—2 

1/4 

3 

12 

131,200 

10,933 

—3 

1/4 

3 

12 

122,300 

10,192 

Average 




131,000 

10,917 

8 T—1 

1/4 

4 

16 

176,740 

11,046 

—2 

1/4 

4 

16 

163.420 

10,214 

—3 

1/4 

4 

16 

164,860 

10,304 

Average 




168,340 

10,521 

7 T—1 

1/4 

5 

20 

232,300 

11,615 

—2 

1/4 

5 

20 

227,620 

11,381 

—3 

1/4 

5 

20 

226,560 

11,328 

Average 




228,827 

11,441 

8 T—1 

1/4 

6 

24 

257,720 

10,738 

—2 

1/4 

6 

24 

262,100 

10,921 

—3 

1/4 

6 

24 

251,800 

10,492 

Average 




257,207 

10,717 


mate longitudinal shearing values of in. and 5^-in. 
fillets with triangular cross-sections without stressing 
the main and splice plates to the elastic limit. One- 
half the specimens were tested in tension and one-half 
in compression, the latter specimens being shorter than 
the former. All welding was performed by one opera¬ 
tor, who did the work by hand, with current of 200 
amperes, 3/16-in. electrode, arc voltage 20. 

Examination of Table IV indicates that shearing 
values as determined on the tensile pieces are lower 


than those given by the compression pieces:—for 
example, 10,899 and 13,681 lb. per linear inch respec¬ 
tively for J^-in. fillets, the difference being 2782 lb. or 26 
per cent of the tensile average; while for %- in. fillets 

TABLE III 

LONGITUDINAL SHEARING STRENGTH OF FILLETS 


Specimens Tested in Compression 


Specimen 

number 


Fillets 


Ultimate 1< 

>ads pounds 

Size 

inch 

Length 
each fillet 
inches 

Number of 
linear 
inches 
each side 

Total 

Per linear 
inch of 
fillet 

1C—1 

3/8 

3 

12 

185,000 

15,417 

—2 

3/8 

3 

12 

190,100 

15,842 

—3 

3/8 

3 

12 

212,300 

17,692 

Average 




195,800 

16,317 

2 0—1 

3/8 

4 

16 

268,700 

16,793 

—2 

3/8 

4 

16 

259,600 

16,225 

—3 

3/8 

4 

16 

263.100 

16,444 

Average 




263,800 

16,487 

3 0—1 

3/8 

5 

20 

318.300 

15,915 

—2 

3/8 

5 

20 

319,500 

15,975 

—3 

3/8 

5 

20 

310,200 

15,510 

Average 




316,000 

15,797 

4 0—1 

3/8 

6 

24 

391,700 

16,321 

—2 

3/8 

6 

24 

370.400 

15,433 

—3 

3/8 

6 

24 

383,000 

15,958 

Average 




381,700 

15,904 

5 0—1 

1/4 

3 

12 

180,000 

15,000 

—2 

1/4 

3 

12 

200,000 

16,667 

-—3 

1/4 

3 

12 

182,000 

15,167 

Average 




187,333 

15,611 

6 0—1 

1/4 

4 

16 

217,600 

13,600 

—2 

1/4 

4 

16 

225,700 

14,106 

—3 

1/4 

4 

16 

226,200 

14,138 

Average 




223,167 

13,948 

7 0—1 

1/4 

5 

20 

251,700 

12,585 

—2 

1/4 

5 

20 

231,000 

11,560 

—3 

1/4 

5 

20 

250,600 

12,530 

Average 




244,433 

12,222 

8 0—1 

1/4 

6 

24 

302,700 

12,613 

—2 

1/4 

6 

24 

332,900 

13,871 

—3 

1/4 

6 

24 

296,300 

12,346 

Average 




310,633 

12,943 


TABLE IV 

SUMMARY OF TABLES II AND III GIVING ULTIMATE 
LONGITUDINAL SHEARING STRENGTH OF FILLETS 




Average ultimate 



longitudinal shearing 



strength per linear 



inch of fillet pounds 


Length of 

Size of fillet 


fillet 




inches 

1/4 In. 

3/8 in. 

For specimens 

3 

10,917 

13,661 

Tested in 

4 

10,521 

12,912 

Tension 

5 

11,441 

13,450 


6 

10,717 

13,392 


Average 

10,899 

13,354 

For Specimens 

3 

15,611 

16,317 

Tested in 

4 

13,948 

16,487 

Compression 

5 

12,222 

15,797 


6 

12,943 

15,904 


Average 

13,681 

16,126 


the corresponding values are 13,354 and 16,126, a 
difference of 2772 lb. or 21 per cent of the tensile. The 
results in general seem to establish no relation between 
unit shearing strengths and lengths of the fillets. 
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although the unit values of J4-in. fillets tested in com¬ 
pressive specimens do decrease as the lengths of fillets 
increase, while others fail to show this trend. 

Consider now the ultimate shearing strength per 
square inch of the ^-in. fillets as determined by the tensile 
specimens. For a %-va.. triangular fillet one inch in 



Fig. 2—Showing Building with 56-Arc-Welded Roof 
Trusses op General Electric Co. at West Philadelphia, Pa. 


length, the netshearingareais0.266sq.in., which divided 
into 13,354 lb. (Table IV) gives a unit shearing stress of 
50,200 lb. per sq. in. on the minimum section, commonly 
called the throat, i. e., the section passing through the 
apex of the fillet’s cross-section and perpendicular to 
its hypothenuse. 

The longitudinal shearing value of 3000 lb. per linear 
inch of a %-in. fillet has been quite commonly used in 
designing welded joints of buildings. In the light of the 
tests herewith presented let us examine this working 
unit. Considering for a moment the ultimate values 
for %-in. fillets as determined by tensile specimens it 
is seen that the lowest in Table II is 11,975 lb. per linear 
inch for specimen 2 T—3 and that is the only value 
below 12,000 lb. per linear inch. The unit working 
stress of 3000 lb. per linear in. has, therefore, a factor 
of safety of four. If we consider the average of all the 
tests on tensile specimens, 13,354 lb., Table IV, the 
3000 gives a factor of safety of 4.4. Obviously, the 
factor of safety for the shearing values based on com¬ 
pression tests is much greater than that just determined. 

This commonly accepted safe permissible value of 
3000 lb. longitudinal shearing strength per linear inch 
for Yr in. fillets, divided by 0.266 (the throat distance) 
gives 11,300 shearing stress in pounds per square inch. 

Three Bu ild ings in Which Arc Welding was Used 

During the past year the General Electric Company 
has completed a building in West Philadelphia, Pa., one 
in Bridgeport, Conn., and one. in Pittsfield, Mass, in all 
of which the steel is connected principally by arc 
welding. 


Welded Trusses in West Philadelphia Building 

The West Philadelphia building, Fig. 2, consists of a 
head house 78 ft. wide by 171 ft. long with vertical 
clearance of 43 ft. below bottom chords of trusses, of 
one aisle 59 ft. by 474 ft., and of a second aisle 79 ft. 
by 474 ft. These aisles and the head house comprise a 
building approximately 138 ft. by 552 ft. Supporting 
the roof over these various parts are trusses of the Pratt 
type with horizontal chords in the two main aisles, and 
with a sloping top chord in head house. Each chord 
is an 8-in. H section with web horizontal, while each 
diago nal consists generally of two small channels with 
their backs lying in contact with, and on the outside of 
the vertical flanges of the H chordstowhiehthechannels 
are welded by fillet welds. Ordinarily each vertical 
member of each truss is a 7-in. I beam which fits into 
the trough of top and of bottom chords, to the vertical 
flanges of which it is welded. These direct connections 
of web members to chords obviated the use of gusset 
plates at truss joints. 

In any building consisting of a main aisle and a 
transept, especially where there is a traveling crane in 
the latter, the truss at the intersection of transept and 
head house is somewhat difficult to arrange. In this 
building a truss ITA ft. deep spans the main aisle, 
supports a portion of the roof load, the clearstory, a 
roof truss in the head house, and a head house runway 



Fig. 3—Details of Column Anchors 


girder spanning the 59—ft. aisle. On account of its 
depth this truss was shipped in parts, assembled lying 
flat on the ground, welded and erected. All other 
trusses were completely welded in the shop, and after 
erection with sufficient bolts to hold them in position 
were welded to the supporting columns. 
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This building has in addition to ten-ton bridge cranes 
in head house and in the 59-ft. main aisle, several 
smaller bridge and wall cranes. 

Welded Trusses at Bridgeport, Conn. 

The Bridgeport building code is a flexible one in that 
it authorizes the Building Commission to permit the 
use of new materials if after investigation the Com- 



Fig. 4—Welded Trusses Erected in Position between 
other Buildings 

mission is satisfied that the new type is safe and satis¬ 
factory. After a study of tests data of welded joints 
the Commission granted a permit for the General 
Electric Company’s welded steel building which con¬ 
nects two existing buildings. 

This is a one story structure with roof trusses of 62 ft., 
span supported on side wall columns. The interesting 
details here are the use of T-shaped top and bottom 
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Fig. 6—Welded and Riveted Typical Panels and Chord 
Sections Pratt Type Truss 


chords, the truss end bearings at the tops of columns 
and the splice at center of top chord. By cutting the 
web of an H section along its center thus forming two 
T’s for chords to which web members are welded 
directly, all gusset plates were eliminated. Beams can 
be cut in this manner either by cutting with the oxy- 


acetylene flame or by punching. At the bearing of 
vertical web of this top chord T on the base plate which 
in turn rests on the column cap, stiffener plates are 
shop welded to the T-web. 

As the roof of this building slopes downward from 
the center line towards the ends of the truss the top 
chord is given a similar contour, thus necessitating a 
splice in the top chord at center. This is accomplished 
by a butt splice with a single V in the horizontal flanges 
of the T, while the vertical web is spliced on each side 
by a leg of a web member connected by fillet welds. As 
the roof trusses were fabricated completely in the shop 
by welding, the field welding consisted principally of 
connecting the top and bottom chords to the columns. 

Welded Factory Building at Pittsfield, Mass. 

This structure is two stories high in part and three 
stories high elsewhere; length 280 ft.; width overall 60 
ft., with approximately 40 ft. between centers of out¬ 
side wall columns. The interest here lies entirely in the 
structural details, among which may be included the 
following: 

a. Connection of a 27-in. main floor girder to the 
side wall column by a shop welded angle bracket upon 
which the girder rests and by field welding the girder 



Fig. 6—Tests on Welded Structural Steel Showing 
Compression and Tension Specimens after Failure 


web to face of the column as well as field welding the 
top and bottom flanges to the face of the column. The 
ends of these 27-in. girders were milled. 

b. Connection of main 18-in. floor beams to web of 
27-in. main floor girders by resting the beams on heavy 
angle brackets shop welded to girder webs. These seat 
angles were designed to take the loads to which they 
were subjected. 

c. The use of flat bars as stiffeners welded to the 
vertical webs at the center of 27-in. main floor girders 
where these rest upon short columns extending from 
foundation to second floor level only. 

All shop and field welding on the above buildings was 
performed by single operator motor driven generator 
sets. For depositing j^-in. fillets on metal % in. or 
more in thickness, the current was about 175 amperes; 
3/16-in. electrodes; arc voltage 20; with smaller current 
values for smaller fillets on thinner steel. 
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Appendix 

Proposed Specifications for Arc Welding Steel 
Buildings 

Section 1. General Application 

1- 1. Arc welding may be substituted for or used in 
connection with rivets or bolts, or other methods 
prescribed in the Standard Specifications for Structural 
Steel for Buildings adopted by the American Institute of 
Steel Construction as amended to date, for connecting 
together, or assembling the component parts of beams, 
girders, lintels, trusses, columns, or other structural 
steel used in building construction. 

Section 2. Definitions 

2- 1. Arc Welding. The process of joining steel 
parts in the molten, or molten and vapor states by the 
electric arc without the application of mechanical 
pressure or blows. 

2-2. Arc Weld. A weld in which welding heat is 
generated by an electric arc formed between the base 
metal and the electrode, or between two electrodes, 
with or without the use of hydrogen or other equivalent 
gas. 

2-3. Electrode. A specially prepared metal wire 
or rod used as a terminal in an electric circuit to produce 
an intense heat by means of the arc, and which may or 
may not supply the molten steel required for joining 
the parts to be welded. 

2-4. Filler Metal. Metal which is added to a weld 
by the melting of an electrode or a welding rod. 

2-5. Weld Metal. Material composing a weld. 

2-6. Base Metal. Material to be welded. 

2-7. Fillet Weld. A weld, at the intersection of two 
surfaces approximately at right angles to each other in 
which the weld metal has a triangular cross-seetion, 
its two sides being fused with the original surfaces of the 
base metals, and its third side being exposed. The 
size of a fillet weld is expressed in terms of its length and 
width, the length being the effective length exclusive of 
crater, the width being the length of the side of the 
largest isosceles triangle contained in the cross-section 
of the weld metal. 

2-8. Butt Weld. A weld joining the edges of a butt 
joint in which two members are brought together edge 
to edge but not necessarily in contact, one surface of 
each member being in the same or parallel planes. 

2—9. Continuous Weld. A weld of unbroken con¬ 
tinuity used for strength or tightness or both. 

2—10. Intermittent Weld. A strength weld consist¬ 
ing of a series of short welds in line, alternating with 
unwelded spaces. 

2- 11. Tack Weld. A short weld used not for 
strength, but for purposes of assembling only. 

Section 3. Quality of Materials 

3— 1. Structural Steel. Steel used in structures 
covered by these specifications shall be of the grade 
designed as “Structural Steel for Buildings” as specified 


by American Society for Testing Materials, Serial No. 
A9 as amended to date. 

3-2. Electrodes and Welding Rods. Wire used for 
electrodes or welding rods shall be commercial mild 
steel wire made for this purpose, of uniform homo¬ 
geneous physical structure; free from irregularities in 
surface, from hardness, segregation, foreign matter, 
oxides, pipes, seams, or other defects. 

3-3. Diameter shall not vary more than 0.003 in. 
above or below nominal values. 

3-4. In the hands of an experienced welder, elec¬ 
trodes and welding rods shall show good welding 
qualities in flat, vertical, and overhead positions, and 
shall pass through the welding process without any 
unusual characteristics. 

3-5. Chemical compositions shall conform to the 
following limits for uses specified: 

Wire grade A Wire grade B 


Carbon. 0.13 to 0.18% Not over 0.10% 

Manganese. 0.40 to 0.60 % 0.26 to 0.46 % 

Phosphorus. Not over 0.046 % Not over 0.046 % 

Sulphur. Not over 0.046 % Not over 0.045 % 

Silicon. Not over 0.06% Trace 


Wire of Grade A shall be used for hand arc welding, 
and grade B for automatic machine arc welding. 

Section 4. Apparatus 

4-1. Arc welding apparatus shall be of standard 
designs and products of reputable manufacturers. 

4- 2. Welding current shall preferably be direct 
current supplied by generators driven by electric motors 
or engines having suitable automatic speed regulation. 
Whether for use in hand or machine welding, generators 
shall be adjustable for different current values and shall 
deliver constant current at suitable voltage for each 
setting of the regulator. 

Section 5. Permissible Unit Stresses 

5- 1. Welded joints shall be proportional so that 
combined dead and live loads, and impact, if any, shall 
not cause the stresses therein to exceed the following 
am ounts in pounds per square inch: 

Shear on minimum section of weld metal.. 11,300 

Tension on minimum section of weld metal.... 13,000 
Compression on minimum section of weld metal 15,000 

5-2. M aximum fiber stresses due to bending shall 
not exceed the values prescribed above for tension and 
compression respectively. 

5-3. Stresses in welded joints due to wind only, and 
combined stresses due to wind and other loadings, may 
exceed by 33H per cent the values prescribed above; 
provided, the section thus obtained is not less than that 
obtained if the wind force be neglected. 

5-4. In designing welded connections allowance 
shall be made for bending stresses due to eccentricity, if 
any, except that in designing fillet welds no allowance 
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need be made for the bending couple formed by resul¬ 
tant stresses on the two fused sides of the weld. 

Section 6. Workmanship 

6-1. Surfaces to be welded shall be reasonably 
cleaned, by wire brushing, chipping or hammering, of 
loose scale, rust, paint, or other foreign matter; except 
that a thin coat of linseed oil need not be removed 
before welding. 

6-2. Welding operators shall submit evidence of 
experience in welding structural steel with the kind of 
welding to be used on the proposed work, and show 
ability to make flat, vertical, and overhead welds of 
uniform quality conforming to requirements of these 
specifications. 

6-3. After being deposited welds shall be brushed 
with wire brushes, and shall show uniform sections, 
smoothness of weld metal, feather edges without over¬ 
laps, freedom from porosity and clinkers. Visual 
inspection at edges and ends of fillets and butt joint 
welds shall indicate good fusion with and penetration 
into base metals. 

6-4. Arcs for electric welding shall be of proper 
lengths to produce good welds. 

6-5. Current Values. The following figures are 
approximations only, intended as a guide to the opera¬ 
tor who shall select the size of electrode and adjust the 
electric current to produce good homogeneous welds of 
above characteristics: 


Electrode 
diameter 
in inches 

Amperes 

hand 

welding 

Corresponding 
plate thickness 
in inches 

1/16 

50-75 

Up to 3/10 

3/32 

75-100 

Up to 1/4 

1/8 

100-150 

1/8 and over 

5/32 

150-200 

1/4 and over 

3/10 

175-226 

3/8 and over 

1/4 

200-250 

3/8 and over 


The same size electrode may be used with various 
thicknesses of plate, but thicker plates require heavier 
currents. 

6-6. Current values for machine welding may exceed 
those specified above for hand welding but machine 
welding shall if required meet qualifications for welders 
hereinafter specified under Section 7. 

6-7. In assembling and during welding, the com¬ 
ponent parts of a built-up member shall be held by 
sufficient clamps or other adequate means to keep parts 
straight and in close contact. 

6-8. In welding, precautions shall be taken to 
minimize “locked-up” stresses, and distortion due to 
heat. 

6- 9. Before welding new steel to old, both shall be 
free from paint and other foreign matter, except that a 
thin coat of linseed oil need not be removed. 

Section 7. Qualifications of Welders 

7- 1. Butt Welds. Welders may be required to weld 
four sample butt joints each made of two pieces 34 in. 
by 9 in. by 12 in. to form a piece about 12 in. by 18 in., 
prepared with double V described hereinafter; of these, 


two sample plates to be welded in the flat position and 
two in the vertical position with the joint located 
vertically. Each sample plate shall be machined to 
reduce the joint to the thickness of the base metal. 
From each sample plate, standard two in. tensile test 
specimens shall be made and tested in tension. The 
average tensile strength of each group of two sample 
plates shall not be less than 45,000 lb. per sq. in., and 
the tensile strength of the lowest in each group shall not 
be less than 40,000 lb. per sq. in. 

7-2. Lap Welds. Welders may be required to weld 
four sample lap joints each made of J^-in. by 6-in. by 

8-in. plates clamped one on the other with the 8 in. 
edges lined up but with the 6-in. edges offset 34 in. A 
full 3^-in. fillet is then to be made along one 6-in. edge 
in accordance with specifications hereinafter described 
for lap joints. Upon completion of the welds and after 
cooling, the specimens shall be torn apart and broken by 
wedging at the unwelded 6-in. edges; and the fractured 
metal of specimen broken through the weld shall 
reasonably show:—bright, dense, even textured, crystal¬ 
line or fibrous weld metal, irregularly torn and void of 
irredescent colors; good fusion of weld and base metals; 
good penetration into right angle comer of the fillet. 

7- 3. Fillet Welds. Welders may be required to weld 
three sample test specimens of size shown herewith by 
Fig. 1; each specimen consisting of two main plates 4 in. 
by 1 in. by 12 in. placed in line with their inner ends 
separated by 34 in., making the over-all length 2434 in. 
These places are to be connected by two splice plates, 
each 3 in. by 34 in. by 634 in. long, symmetrically 
clamped to the main plates, one above and the other 
below the two main plates, and each welded in a flat 
position to each main plate by two 234 in. by 34 in. 
triangular fillets with their craters filled; each of these 
fillets is to be started at outer ends of the 3 in. by 34 in. 
by 634 in. splice plate and continue 234 in. along the 
634 in. dimension towards the center, thus leaving a 
134 in. space between the inner ends of the fillets; the 
specimen is then to be inverted and the four remaining 
fillets deposited also in the flat position. In depositing 
the weld metal, craters shall be filled to full cross-section 
of fillets. Electrodes of 3/16 in. diameter shall be used. 
These specimens are to be tested in tension to ascertain 
the longitudinal shearing value of the 34-in. fillet, 
welds; and the fractured specimens shall be examined 
for penetration into and fusion with base metals, 
freedom from gas holes or slag inclusions in fillets. 
The three specimens shall show at least an average 
ultimate longitudinal stress of 42,000 lb. per sq. in. and 
the lowest in the group shall show at least 38,000 lb. 
per sq. in. of minimum section of fillet. 

Section 8. Proportion of Parts 

8- 1. Plate Girders. Girders shall be proportioned 
preferably by their moments of inertia but where the 
approximate method of flange design is used the web 
equivalent may be taken as 1/6 the web area, provided 
no holes exist in the web. 
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8-2. Web splices shall consist of a plate welded on 
each side of the web. 

8-3. Stiffeners may be angles or flat bars; welded to 
the top and bottom flanges and also to the web by 
continuous or intermittent welds designed to transmit 
the stresses. Stiffeners at bearings or other points of 
concentrated loading shall be fitted to the flanges. 

8-4. Connection of component parts of girder 
flanges to each other and flanges to webs shall be by 
continuous or intermittent fillet welds designed to 
transmit the stresses. Intermittent welds shall be not 
less than one and one-half inches long exclusive of crater, 
spaced in the clear not exceeding 16 times the thickness 
of thinnest piece connected, nor more than four inches 
in the clear. 

8-5. Plug or slot welds may be used to fasten cover 
plates to each other and to other members. 

8-6. Beams. Continuous beams and girders de¬ 
signed in accordance with generally accepted engineer¬ 
ing principles may be used, provided that welded con¬ 
nections be properly proportioned to resist bending 
moments to which they are subjected. 

8-7. Welded joints supporting non-continuous 
beams shall be designed with due regard for secondary 
bending stresses induced by deflection of the beams. 

8-8. When the toe of a seat angle supporting a 
beam is to be welded and is not truly formed, but is 
rounded due to worn rolls or other causes, either a 
preliminary fillet shall be deposited to fill the open 
space, after which the full fillet required in the design 
shall be desposited, or the rounded edge of thetoe shall be 
sheared square to receive the full fillet required. 

8-9. Trusses. In tension members connected by 
fillet welds the gross cross-sectional area shall be con¬ 
sidered as resisting the stresses. 

8-10. For tension or compression members having 
symmetrical cross-sections the fillets shall either be 
arranged symmetrically about the axis of the member, 
or else proper allowance shall be made for unsym- 
metrical distribution. 

8-11. For members of unsymmetrieal cross-section, 
like angles for example, lengths of fillets shall be deter¬ 
mined by taking moments about the gravity axis of the 
member. 

8-12. Columns. Built-up or rolled steel columns 
shall contain no material, except filler plates, whether 
in the body of the column or used as lattice bars or stay 
plates, less than M in. in thickness. 

8-13. Ends of columns shall be faced to plane sur¬ 
faces at right angles to their axes. Column splices, 
whenever practicable, shall consist of splice plates con¬ 
nected to the columns with proper amounts of fillets, 
and if filler plates are required they shall be connected 
with proper amounts of fillets. When sections of 
columns to be spliced are such that splice plates cannot 
be used, connections may be formed of plates and angles 
or other shapes designed to distribute the stresses 
properly. In all cases, column splices shall be so 
arranged that by bolts or otherwise the various tiers 


of a column can be accurately alined before welding, 
and shall be of sufficient strength to carry erection 
stresses. 

8-14. Fillets connecting component parts of a built- 
up column shall be either continuous throughout the 
length of the column, or intermittent arranged as fol¬ 
lows: Continuous fillets extending at each end of the 
column for a distance equal to the least width of col¬ 
umn; then intermittent fillets one and one-half inches 
long spaced not exceeding four inches in the clear for 
the remainder of the column’s length. 

8-15. Lattice bars and tie plates, where used, shall 
be welded with fillets to secure strengths equal to those 
of the rivets in lattice bars and tie plates connected by 
rivets as specified in Standard Specifications for 
Structural Steel for Buildings adopted by the American 
Institute of Steel Construction and as amended to date. 

8—16. Welding and Bolting. For welded structures, 
connections of main members carrying live loads pro¬ 
ducing impact, and connections of members subject to 
alternate stresses, shall be welded. 

8-17. For welded structures, component parts of 
all columns, girders, and trusses shall be welded with 
fillet welds. 

8-18. For welded buildings over four stories high 
all column splices, and all connections of beams and 
girders to columns, or within three feet thereof, shall be 
welded. 

8-19. Unfinished bolts may be used in the shop or 
field for connections of small structures used for shelters 
and for connections of secondary members of all struc¬ 
tures, such as purlins, girts, door and window framing, 
lining up bracing, and filling-in beams in floors. In 
buildings two or more stories high, sufficient bolts shall 
be used to connect properly all members during erection. 

8-20. So far as possible all joints shall be designed 
to eliminate overhead welding; and arranged so that 
the welds will be in shear or direct compression. 

8-21. Tension butt welds shall not be used in main 
truss members, but may be used in secondary members, 
wind bracing connections, beam and girder connections. 

8-22. To the calculated lengths of eaeh weld 3^ in. 
shall be added to allow for the crater. 

8-23. Fillet welds of lengths less than four times 
their width shall not be figured as part of any connection. 

8-24. Butt Joints. The edges of base metal of 
members l /i in. or more in thickness, transmitting stress 
by means of butt joints, shall be beveled with either 
single V or double V joints, or their equivalents. 

8-25. Steel for single V shall be beveled not less than 
30 deg. on each edge to form an open angle of not less 
than 60 deg., and the joint shall be backed-up in an 
approved manner. 

8-26. Steel for double V joints shall be beveled not 
less than 37}^ deg. on each side of each piece to form 
open angles of not less than 75 deg. 

8-27. In all single V and double V butt joints the 
beveled edges shall have initial free distances of H 
in. to 3/16 in., and steel J4 in*to 7/16 in. thick shall be 
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welded in one layer, steel M in. to 11/16 in. in two 
layers, and % in. to 1 in. in three layers. 

8-28. All above joints shall be somewhat reinforced 
but not to exceed 20 per cent for single V nor 15 per 
cent for each side of double V joints. 

8-29. Lap Joints. All lap joints in % in. to 7/16 
in. steel shall be fillet welded in one layer, M in. to 
11/16 in. in two layers, and % in. to 1 in. in three 
layers. The contour of the cross-section of fillet shall 
be as near as practicable to a triangle with equal sides, 
and with minimum side not less than the prescribed 
dimension of cross-section of fillet. 

8-30. Weld metal deposited in two or more layers 
shall have each layer brushed with a wire brush or 
otherwise cleaned before subsequent layers are 
deposited. 

8- 31. Drawings. Drawings shall show clearly all 
welds, including the length and width of all fillets both 
for shop and field weldings. 

Section 9. Protection op Steel 

9- 1. Structural steel before being welded shall not 
be painted. If it is to be welded only in the fabricating 
shop and subsequently erected by bolts or rivets it shall 
receive in the shop one coat of acceptable metal pro¬ 
tection after shop welding is finished, and one coat 
after erection. Steel to be field welded shall receive 
one coat of linseed oil after shop welding is completed; 
and after being erected and welded it shall receive two 
coats of acceptable metal protection. 

9-2. No paint shall be applied to steel surfaces 
which are to be encased in concrete. 


Discussion 

S. M. Hamlll: I should like to know how the welder tells 
when he has reached the proper depth of the fillet. 

F. C. Caldwell: I should like to bring up the question of re¬ 
liability of the electric weld and also the question as to whether 
the welder can be depended upon to produce as reliable work as 
the old fashioned riveter. 

I. S. Campbell: What difference exists in the strength of 
weld made by the electric arc, the oxy-acetylene, or atomic 
hydrogen? 

R. M. Easton: I should like to ask Professor McKibben for 
the requirements for inspectors on structural welding. It has 
been the practise in most structural work that is fabricated by 
means of rivets, to require that certain standards, which have 
been developed for the testing and inspection of rivets, be ob¬ 
served. I don’t know of any means by which we could look at a 
weld or test a weld and tell positively whether it is a good or a bad 
weld. 

. M. M. MacDonald: I should like to ask Professor McKibben 
if he could enlighten us any in reference to the welding of the 
bearings on worn shafting, such as armatures for instance, or on 
other equipment and working parts of that sort, as to just what 
resi ts have been obtained with electric arc welding on cast iron 
as applied to perhaps motor frames or parts of that nature. 

../• if; Lincoln: (communicated after adjournment) Mr: 
McKibben in his Appendix makes certain recommendations 
winch, are somewhat open to question. 

His specification on electrodes draws rather closely the chemi- 

fiT ° f the steel wMeh - seems rather unnecessary. Why 

snould it be so necessary to hold the content of the rod closely 


when the steel that is to be welded may vary in these respects 
very widely? Why should carbon and manganese be held to a 
comparatively low point in the welding rod when the amount, of 
each one that is in the weld will be very greatly reduced bv pass¬ 
ing through the arc? If it is necessary for the carbon in the 
weld to be held to less than ten points, it would seem to me to bo 
equally necessary for the carbon in the structural steel to be held 
to the same point, which would mean that at least half of all 
structural steel would be rejected. 

Concerning Mr. McKibben’s recommendations as to electrode 
diameters, currents to be used in them, and thicknesses of plate 
on which they are to be applied, some question may be properly 
asked. It is difficult to understand why a 1/16-in., 3/32-in., or 
1/8-in. electrode can find any economic use in the welding of 
structural steel. The 5/32-in. and 3/16-in. electrodes may find 
a rather limited use in overhead welding, but 1 /4-in. and 5/1 6-in. 
electrode should be used in doing at least 95 per cent of all struc¬ 
tural-steel welding as the art is now known. The currents which 
should be used, should be in the case of 1/4-in. electrodes from 
250 to 350 amperes, and on 5/16-in. electrodes from 300 t o 400 
amperes, that is for the usual electrode. Special coatings have 
been devised which will materially increase those currents. In 
this way the cost of welding and the ease of welding can bot h bo 
materially bettered. 

F. P. McKibben: Replying to Mr. Hamid's question, the 
welder can secure proper penetration (depth of weld ) by watching 
the molten crater during welding. Aftor completion of the weld 
the degree of penetration is determined by observing tin* depth of 
crater at the end of the weld; the thoroughness of penetration, 
by inspecting the edges of the weld. A sharp feather-like edge 
indicates good, and a rounded edge poor penetration. If a 
poor fillet is found it should be cut out and rewelded, just as a 
poor rivet must be replaced by a good one. 

Replying to Professor Caldwell’s question, by qualifying 
welders and by controlling the technique of welding, that is, the 
electrodes and current density, arc welding of structural steel is as 
reliable as other operations in building construction and I have 
long since ceased to worry about the results. The absence of any 
failure in the 60 or 70 welded buildings which havo been con¬ 
structed indicates sufficient reliability of control. 

Replying to Professor Campbell’s question, 1 would use in de¬ 
signing a welded structure the same allowable unit stresses for 
oxy-acetylene as for arc welding or atomic-hydrogen welding, 
namely, for shear on fillets 11,300 lb. per sq, in. of minimum sec¬ 
tion; for tension, 13,000 lb. per sq. in., and for compression 
15,000 lb. per sq. in;, both applied to minimum sections of the 
weld. 

Replying to Mr. Easton’s, question, in the shop fabrication and 
field erection of welded buildings with which 1 have been con¬ 
nected, inspectors have been capable welders who first qualify the 
welders in accordance with Section 7 of the specifications given 
in the paper. They then inspect the work in progress and after 
completion as outlined in the paper under the heading Inspection. 

Arc welding has been used on nearly all tho welded buildings 
thus far constructed. 

Replying to Mr. MacDonald’s questions, it is common prac¬ 
tise throughout the country to repair worn shafting and other 
parts by depositing welded metal using either oxy-acetylene, arc, 
or atomic-hydrogen processes. The most interesting case of this 
I have seen recently was in an iron-ore mining region where worn 
flanges on heavy ore cars were being replaced by automatic arc¬ 
welding machines which deposited welded metal to replace the 
original flange contour. Flanges, shafting, and other worn parts 
are frequently repaired in this manner; often a very considerable 
economy results. Arc welds in cast iron may or may not be suc¬ 
cessful. Frequently the results are excellent, then again are 
disappointing; by preheating or by use of special electrodes suc¬ 
cess is often secured when by ordinary direct welding failures 
occur. 
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Synopsis. Oscillographs developed for recording transient 
phenomena are described which obtain automatically records 
of amplitude, wave form, frequency, duration, and time of any 
electrical disturbance for which they are adapted. Two instruments 
are described for recording very short or very long transients; these 


may be used in combination. At power frequencies satisfactory 
records may be made on film or sensitized paper with a two-watt 
lamp. The instruments and their performance are illustrated by 
photographs and oscillograms . 

* * * * * 


I N this paper oscillographs are described which 
were developed primarily for recording transient 
_ phenomena of which the time of occurrence is 
neither known nor subject to control. The specific 
apparatus described was designed primarily for re¬ 
cording transient inductive disturbances in communica¬ 
tion lines from neighboring power circuits. When the 
design of this apparatus was begun, there was no 
satisfactory way for determining the duration, fre¬ 
quency, or wave form of such disturbances, although 
apparatus was available by means of which the ap¬ 
proximate magnitude of such transients could be 
determined, and, by constant supervision, the tim e of 
their occurrence. It was with the idea, of determining 
part or all of these factors automatically in a single 
record that the oscillographs to be described were 
developed. 

Transients in general may be of various types. They 
may have components in a large range of frequencies; 
they may occur in a large range of amplitudes and may 
be very long or very short or intermittent. Attention 
was directed toward recording devices which would 
obtain records of any disturbances in excess of a pre¬ 
determined magnitude regardless of the time of oc¬ 
currence. For practical reasons it was necessary also 
to give attention to the cost of operation, the power 
consumed, and the amount of servicing in operation. 

To meet these requirements two somewhat different 
types of oscillograph were developed. One is capable 
of making records of short duration having uniform 
resolution throughout. By its use the wave shape of 
the first half cycle of a transient is recorded as clearly 
as that of any subsequent wave. The other instrument 
makes long continuous records and may be arranged to 
record a disturbance of any reasonable duration. The 
former instrument makes records in polar coordinates 
on a sheet of film rotating in its plane and will be called 
a “polar oscillograph.” The latter records in rectan¬ 
gular coordinates on long strips such as motion picture 
film and will be called a “continuous-film oscillograph.” 2 

Features Common to Both Oscillographs 
Since th ese oscillographs were designed for recording 

1. Bell Telephone Laboratories, Inc., New York, N. Y. 

2. This instrument is also known as the “movie oscillograph.” 
Presented at the Regional Meeting of the Middle Eastern District 
of the A. I.E. E., Cincinnati , Ohio, March 20-22,1929. 


the same sort of phenomena and for operating under 
somewhat similar conditions they have a number of 
features in common. 

As in most oscillographs the optical system consists 
of a light source, a mirror capable of being vibrated 
about an axis in its plane with an amplitude propor¬ 
tional to the signal to be recorded, and a lens system, 
including the mirror, to form an image of the light 
source on light sensitive film moved in a direction 
perpendicular to the plane of vibration of the mirror. 
The light source consists of a concentrated filament 
ashlight bulb placed as close as possible to a pinhole 
aperture in such a way that the aperture, as viewed from 
the vibrator side, appears to be completely filled by the 
lighted filament. No condensing lens is used because 
of the small size of the bulb which permits the filament 
to be brought close to the aperture. The filament 
is brighter than its image and the use of a condensing 
lens in this instance would waste light unnecessarily by 
reflection and absorption, and would make the optical 
system larger. 

The vibrator is of the moving-iron balanced armature 
type similar to a driving element frequently used in 
loud speakers. The armature is attached by means of 
a stiff rod to a mirror free to vibrate about an axis in 
its plane in such a way that, as the armature of the 
element vibrates, the mirror vibrates at a relatively 
large angular amplitude. With this type of vibrator 
it has been possible to employ a mirror half an inch in 
diameter and still retain a satisfactory , frequency range 
and sensitivity. The large mirror makes it possible 
to use either less sensitive film or a less intense light 
source than ordinarily would be required for a given 
recording frequency and film speed. With a half inch 
mirror it has been found practicable to use a lamp re¬ 
quiring only about two watts for recording on par-speed 
film. 

A plane mirror is used on the vibrator, and a single 
meniscus lens mounted on front of it serves, in virtue 
of the reflection, as a symmetrical lens in forming an 
image of the pinhole on the film. When greater resolu¬ 
tion along the time axis is required than can be obtained 
with this simple system, a cylindrical lens with short 
focus is placed in the light path just in front of the film. 

Each oscillograph is equipped with a camera for 
the purpose of photographing a clock on the oscillogram 
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to indicate the exact time of occurrence of the dis¬ 
turbance recorded. Any other information it is 
desired to associate with the records made by a partic¬ 
ular oscillograph may be recorded photographically 
along with the clock. In several cases calendar 
clocks have been employed indicating the day and the 
month, and indicating whether the time is a. m. or p. m. 

A schematic diagram of the optical system of the 


CLOCK 



Fig* 1—Essential Elements op Polae Oscillographs 

recorder and of the camera, as used in the polar oscillo¬ 
graph, is shown in Fig. 1. Some of the mechanism 
essential for operation is omitted for the sake of 
clearness. 

One of the calendar clocks used in conjunction with 
these oscillographs is shown with cover open in Fig. 2. 
A space is left below the clock face for a card on which 
may be written identifying or other information relative 



Fig. 2—Calendar Clock Used with Oscillographs, Door 
is Open to Show Lamp Sockets 

to records that may be obtained. Lamps are mounted 
within the cover to illuminate the clock when necessary. 

Both oscillographs are equipped with automatic 
devices which enable them to make records of transients 
for which they are intended without the attention of an 
operator. These automatic features will be described 
in some detail in the following discussion of the in¬ 
dividual oscillographs. 

One part, however, a high-speed “line-relay,” is 


common to both. It consists of a pair of high-speed 
polar relays, the windings of which may be connected 
into a line in such a way that, depending on the polarity, 
one or the other will be operated by any pulse of suffi¬ 
cient magnitude. The relays may be biased so that 
they operate only on pulses in excess of any given 
magnitude. They are connected so that when they do 
operate they remain operated until reset by some 
external means. Contacts on both relays are connected 
in parallel to the apparatus to be controlled so that a 
single positive or negative pulse will put that apparatus 
in operation. The time elapsed between the arrival 
of a pulse and the closing of the operating contact is 



less than 0.01 second. A schematic diagram of the 
line relay is shown in Fig. 3. 

Main Features op Polar Oscillograph 
A polar oscillograph is shown in Fig. 4 with the 
light-tight cover removed to show the optical system. 
The film is held in a standard film holder in a rotating 



Pro. 4—'Polar Oscillograph, Showing Film Rotor, Peri¬ 
scope, Lamp Housing, and Vibrator 

member at the extreme right of the picture. The use 
of standard film holders facilitates loading in daylight 
as in an ordinary camera. The film is rotated by a 
small motor geared to the rotating member. The 
rotating member is separated from the remainder of the 
oscillograph by a circular light trap which permits 
free rotation while shielding the film from external 
light. The circular light trap used is illustrated in 
Fig. 1 and in Fig. 5. With this arrangement films may 
be exposed for days at a time under ordinary light 
conditions without appreciable fogging. 

The flashlight lamp is housed in the small light-tight 
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box on the base just to the left of the film rotor. Ex¬ 
cessive scattering of the light is prevented by a small 
tube, with a diaphram near the end, directed toward the 
vibrator mirror. The vibrator and mirror and the 
lens of the optical system are mounted on the base 
near the end opposite from the film mounting. 

The chief value of this oscillograph lies in its ability 
to record with good resolution from the very beginning 
of a transient, regardless of the time at which it occurs, 
and regardless of the angular position of the film at 
which it begins. To accomplish this, the lamp is 
lighted continuously during the time a transient is 
expected and a narrow shield is placed in the light 
path of just sufficient width to prevent light from 
reaching the film when the vibrator is at rest. In 
this way fogging of the film is prevented during the 
time when no current is flowing into the vibrator but 
a record is made of any disturbance of sufficient magni¬ 
tude to move the spot off the shield. A record made 



Pig. 5—Scale Drawing of Rotating Light Trap 

in this way appears like an ordinary oscillogram except 
that a narrow, clear space is left where a zero line is 
usually obtained. This is illustrated in Fig. 6a. 

In the absence of a shield the film soon becomes 
so badly fogged that an oscillogram made upon it is 
useless. Fig. 6b shows the fogging obtained with an 
exposure of one minute on the zero line without a 
shield. 

If it is desired to record only disturbances in excess 
of a certain magnitude, the width of the shield may be 
increased so that no exposure occurs until the vibrator 
moves at more than a predetermined amplitude. In 
Fig. 7 a shield for this purpose is shown which may be 
adjusted to cover a portion in the center of the record 
from the width of the spot to about half an inch, or 
removed from the field entirely. As may be seen from 
the illustration this is accomplished by moving the 
shield in guides about the axis of film rotation. 

There is a disadvantage in using a very wide shi eld 
of the type described. If, for example, a disturbance 


occurs which is just great enough to be recorded, the 
major portion of the wave is hidden by the shield and 
all that can be deduced from the record are the peak 
amplitude, frequency, and time. This difficulty can 
be avoided readily, however, by attaching a shield to 
the armature of an electromagnet so that it can be 
removed from the light path when the magnet is 
energized. The magnet may be operated by the high 
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Pig. 6—Oscillograms Illustrating the Use and Omission 
op a Light Shield over the Zero Line 

speed line relay, which is adjusted to operate when the 
disturbance exceeds a certain amount, in this case the 
same amount that moves the light spot at an amplitude 
greater than the width of the shield. The oscillogram 
shown in Fig. 8 was made with a removable shield of 
this type. The shadow of the shield is indicated in the 
first four cycles but does not appear during the re¬ 
mainder of the oscillogram. For convenience in inter¬ 
preting the results a zero line is automatically recorded 
immediately after the recording of the oscillogram.' 
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In order to reduce fogging due to stray light a large 
shield is placed between the film and the light source, 
having a vertical slit just large enough to allow the 
vibrating beam of light from the mirror to pass through 
to the film. This device reduces the fogging due to 
stray light to a small fraction of what otherwise would 
be obtained. The vertical slit can be seen in Fig. 7 



Pi a. 7 —Shields to Prevent Fogging on Polar 
Oscillograph 

behind the variable shield. A slight corona-like 
fogging on either side of the circular shadow of the 
shield, as shown in Fig. 8, is obtained after a few hours 
of exposure. In practise 'a film may be exposed for 



Fig. 8 Oscillogram Illustrating the Use of Removable 

Shield 

twenty-four hours or more without the fogging becom¬ 
ing so serious as to obscure a record. 

To avoid confusion due to overlapping records a 
device is used to stop recording after one complete 
revolution of the film. It is put in operation at the 
beginning of a transient by the high-speed line-relay 
and allows recording to continue for one complete 


revolution, regardless of the angular position of the 
film at which it begins. 

This device is shown on the oscillograph in Fig. 9. 
A vertical shaft driven at half the speed of the film 
carries a magnetic clutch fastened rigidly to it and a 
commutator which idles on the shaft except when en¬ 
gaged by the clutch. This commutator has one in¬ 
sulating segment and one conducting segment, each of 
angle about 180 deg. Contacts, controlling the current 
to a relay winding, are normally on the insulating 
segment of this commutator, but when the high-speed 
line-relay operates, the magnetic clutch is energized 
and the commutator is rotated until the contacts 
touch the conducting segment, thus operating the relay. 
One contact on the relay automatically releases the 
magnetic clutch, preventing further rotation of the 
commutator. Another contact interrupts the current 
going to the light source. Since the filament of the 



Fia. 9 —Device on Polar Oscillograph to Limit Recording 

Time 

lamp is small the light is extinguished in a very short 
time and, of course, recording is stopped immediately. 

After the exposed film has been replaced, and it is 
desired to put the oscillograph in operation again, the 
clutch and commutator are restored to their original 
condition by operating a key which energizes the clutch 
magnet and releases it again after one-half revolution 
of the vertical shaft. 

If it is desired to make a record covering more or 
less than one revolution it can be arranged simply by 
changing the gear ratio between the film shaft and the 
vertical commutator shaft. The film speed may be 
changed either by changing the gear ratio between the 
motor and the film driving shaft or by varying the 
speed of the motor. 

The camera for photographing a clock is shown in 
Fig. 4. It consists of a lens and shutter, shown at the 
top, and a periscope consisting of two right angled glass 
prisms mounted in the vertical tube. The periscope 
places the image in the center of the film and since there 
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are two reflections the image will be the same as if 
none were used. The shutter- is equipped with an 
automatic release which is operated a definite time 
interval after the beginning of an oscillogram, the time 
boing determined by means of a slow acting relay or by a 
sequence switch. It is desirable to stop the film from 
rotating before photographing the clock which may be 



Fm. 10 -Continuous-Film Oscillograph With Covens 
Rkmovkd 


done by means of the same relay that turns off the lamp, 
or by means of a sequence switch. 


Main Features of 


Continuous-Film Oscillograph 


A picture of the continuous-film oscillograph is shown 
in Fig. 10. It differs from the polar oscillograph mainly 
in the form in which records are obtained. As pre- 



The line relay lights the oscillograph lamp at the same 
time. The whole recording mechanism may be put 
in operation within 0.02 sec., thus insuring a good 
record of any but a very short transient. 

Normally the lamp would require several hundredths 
of a second to become lighted to full brilliancy if 
operated at normal voltage. However, with a voltage 
several times normal and by the use of the circuit shown 
in Fig. 11, it is possible to bring it to full brilliancy 
within 0.01 of a second without danger to the lamp. 
When the circuit is closed by the relay the condenser is 
charged suddenly to the applied voltage, the charging 
current passing through the lamp filament. This 
current, at the outset, is several times the normal 
current for the lamp and brings it to full brilliancy 
quickly. The resistance shunting the condenser • has 



Fig. 12—Quick Acting Magnetic Clutch on Continuous- 
Film Oscillograph 


Fin. 11 —Circuit for Lighting Lamp Quickly 

viousiy stated, records are made in rectangular co¬ 
ordinates on a strip of film and may, therefore, be of 
any length depending only on the length of film avail¬ 
able and on the size of the storage magazines. The 
oscillograph shown makes records on motion picture 
film or sensitized paper of the same width. The film 
is stored in standard magazines for motion picture film 
holding up to 200 ft. It is advanced by means of a 
motion picture sprocket driven through gears and a 
magnetic clutch from a variable speed motor. The 
optical system is practically identical with that used 
on the polar oscillograph. 

With an aseillograph of this type it is not practicable 
to allow the film to be moving all the time on account 
of waste of film and the maintenance difficulties. In 
order to avoid this and still make it possible to begin 
recording soon after the beginning of a disturbance, 
the motor and associated gears are left running the 
whole time during which a transient may be expected, 
and, when a disturbance occurs, a quick acting mag¬ 
netic clutch engages the film driving shaft with the 
motor which puts the film in motion very quickly. 


such a value that normal current flows through the 
lamp filament in the steady state, so, once lighted, 
the lamp remains at normal brilliancy as long as the 
circuit is closed. The lamp may be lighted in even less 
time if a small current is left flowing through the fila- 



Fio. 13 —Sectional Scale Drawing op Magnetic Clutch 

ment continuously in order to keep it hot but not hot 
enough to be luminous. A resistance of suitable value 
connected as indicated by dotted lines in Fig. 11 will 
accomplish this result. 

The magnetic clutch, while especially designed to 
operate quickly, accelerates the sprocket and film 
without shock in order to avoid danger of tearing the 
film and to reduce wear and tear on the mechanism. 
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The clutch is shown mounted on the oscillograph in 
Fig. 12. It is also shown diagrammatically in Fig. 13 
to illustrate its construction and operation. The 
annular coil in the driving member is connected, 
through slip-rings and contacts on the high-speed relay, 
to a battery. When current flows in this coil a steel, 
diaphram on the driven member is drawn against 


p IG . i4 —Arrangement of Oscillographs for Recording 
ant Transient in a Line 

Two polar oscillographs and one continuous-film with control equipment 
and clocks are arranged so that a transient of any duration occurring at any 
time will be recorded with a record of the time of occurrence. 



the annular electromagnet, traction being obtained 
at the outer edge of the diaphram. Due to the small 
clearance between the diaphram and the electromagnet 
the diaphram is drawn into contact very quickly, and 
due to the small moment of inertia of the driven member 
it is rapidly accelerated to maximum speed. Since 
this is a friction type of clutch the acceleration is 
gradual and does not submit the sprocket and film to 
shock as would a toothed clutch. 

The delay in recording after the beginning of a dis¬ 
turbance depends on the time of operation of the high- 



Fig. 15 —Schematic Arrangement of Continuous-Film 
Oscillograph with Sequence Switch, Line Relat, and 
Clock, Arranged for Automatic Operation 

speed relay plus that of either the clutch or the lamp, 
whichever is the longer. The relay requires only a few 
thousandths of a second to operate and both the 
clutch and the lamp may be adjusted to operate in less 
than one hundredth of a second. With this apparatus, 
therefore, it is possible to record all of a disturbance 
except that part which occurs during about the first 
0.02 of a second. If desired, the lamp can be arranged 
to operate in considerably less time than the clutch. 


in which case the first part of the record will not be 
resolved but will indicate the amplitude of the dis¬ 
turbance which is frequently the most desired informa¬ 
tion. In the case of 25-cycle or 60-cycle disturbances 
the maximum of even the first half cycle may be 
recorded in this manner. 

The film driving mechanism is arranged so that the 
film may be advanced at any speed in a wide range, 
from a few inches per minute to about a foot per 
second. This is accomplished by means of a set of 
change gears and by changing the speed of the driving 
motor, or by both in combination. 

As with the polar oscillograph, a camera is included 
for the purpose of recording the time automatically 
on the oscillograph film. This camera may be seen 
in Fig. 10. It is the same as that on the polar oscillo¬ 
graph with the exception that only one prism is used. 
This has the advantage, when recording is done on 
paper, that the image obtained through a lens and a 
single reflection is not reversed. The shutter is 
equipped with an automatic release that can be as¬ 
sociated with slow acting relays or a sequence switch 



Fig. 16 —Sequence Switch 

to take care of photographing the clock on the right 
portion of the film. 

Operation 

There are a great many ways in which the oscillo¬ 
graphs described above may be used. An arrange¬ 
ment is described in which two polar oscillographs and 
one continuous-film oscillograph have been used in con¬ 
junction for studying transients which are likely to oc¬ 
cur at any time during long continuous periods. It was 
desired to determine the magnitude with considerable 
accuracy and at the same time to determine the time of 
occurrence, duration, frequency, and wave form. 

The arrangement of oscillographs is shown dia¬ 
grammatically in Fig. 14. One of two polar oscillo¬ 
graphs is connected in the circuit being investigated 
so that it is in condition to record the first part of any 
transient that should occur. A high-speed line relay 
associated with it is arranged to put in motion the 
sequence switch which takes care of a number of opera¬ 
tions consis ting chiefly in starting the continuous-film 
oscillograph, in substituting the second polar oscillo- 
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K»ph for the first after a certain small time interval, 
and in operating the camera shutters at the proper times. 

Used in this way the polar oscillograph obtains a 
record having considerable resolution of the first part 
of a transient, while the other oscillograph obtains a 
record of the complete transient with the exception 
of the first few cycles which are, however, obtained on 



Fiu. 17— Schematic Drawing of Sampling Oscillograph 

This nsdUotfraph rtuiordt* cm© wnvu out of a nunibor at regular intervals, 
say (Mm <ryHo In nlxty, with considerable resolution in order to record slow 
variations In wave form. 

the polar machine. The sequence switch is adjusted 
so that the continuous-film oscillograph is put in opera¬ 
tion before the polar machine stops recording so that, 
wit.li the two records, complete information of the dis¬ 
turbance may be obtained. Two polar oscillographs 
are used in this way so that,, in case two transients oc¬ 
cur close together, a record of one of them will not be 
lost during the time required for reloading. The se¬ 
quence switch connects the line to the spare polar 
oscillograph automatically and gives the operator ample 
time to make any necessary adjustments on the remain¬ 
ing machine. The arrangement is perfectly symmetri¬ 
cal and either polar oscillograph may become the spare. 

An example of the record of a transient obtained with 
the two types of oscillograph, used in conjunction, is 
shown in Fig. 18. The polar oscillogram is similar to 
that shown in Fig. 8. It is obvious that the contin¬ 
uous oscillograph began recording about five cycles 
after the beginning of the transient while, of course, 
the polar oscillograph began recording immediately. 
The long record, however, continues 25 or 30 cycles 
beyond the end of the polar record and shows the man¬ 
ner in which the transient ended. Space does not per¬ 
mit of showing the clock that was photographed on 
this record. 

When certain factors are known about the distur¬ 
bances to be recorded the arrangement may be some¬ 
what simplified. If, for example, it is known that any 
transient to be recorded will be of very short duration, 
the continuous-film oscillograph need not be used. If, 
on the other hand, it is known that the first cycle or 
two of the disturbance will be of no importance in the 
record, the polar oscillograph may be dispensed with. 

The continuous film type of oscillograph offers some 
decided advantages over the polar type in that a large 
number of records can be made at one loading. Largely 
because of this it is possible to make the oscillograph 
entirely automatic in operation, causing it to record, 
without any attention whatever, all the transients in a 
circuit as they occur, until the supply of. film is ex¬ 


hausted. Such an oscillograph may be left permanently 
connected into a circuit in which transients are expected, 
and at the end of any period the film that has been 
advanced into the “exposed” magazine will show on 
development records of the magnitude, frequency, and 
wave form of the disturbances and of the time of 
occurrence of each. 

For automatic operation of the oscillograph a se¬ 
quence switch of some sort must be used to insure that 
the various automatic operations are performed in the 
proper sequence. In Fig. 15 a schematic drawing 
illustrates the essential elements of such an arrangement. 
When standing by, ready to record a transient, the 
motor on the continuous-film oscillograph is running 
but does not engage the film advancing mechanism 
because the magnetic clutch is normally deenergized. 
On the arrival of a transient the sequence of opera¬ 
tions is as follows: 

The line relay operates and locks in operated position 
in virtue of the bias current through the outer winding 
being removed by the opening of the back contact. 
The lamp is lighted through the resistance and con¬ 
denser combination R C, and at the same time, the 
motor is engaged with the film driving mechanism 
through the magnetic clutch. Since the vibrator is 
connected continuously to the line, recording begins 
immediately. Relay S R operates at the same time 



Fig. 18—Sample of Records Made by Polar and 
Continuous-Film Oscillographs Used Together 

that the clutch is energized and starts the motor of the 
sequence switch which rotates the cams in the direction 
of the arrow. After a predetermined amount of film 
has been advanced, cam 3 rebiases the line relay and 
restores it to the original non-operated condition, 
(unless the disturbances on the line continue beyond 
this time). This releases relay S R but the cams con- 
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tinue to turn since the contact operated by cam 1 is 
in parallel with that on the relay, which allows the 
motor to run during one complete revolution of that 
cam. When the line relay is restored the film stops and 
the lamp is disconnected. After cam 3 stops the 
recording and resets the line relay, cam 2 operates the 
camera shutter which photographs the clock on the 
film at the end of the oscillogram. As the cam shaft 
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Fig. 19—Samples op Continuous-Film Oscillograms 


continues to revolve, cam 4 operates the magnetic 
dutch for a short time without lighting the lamp. 
This advances the film far enough so that the beginning 
of the next record will not be superposed on the image 
of the dock. When the cam shaft has completed one 
revolution, cam 1 stops the sequence switch motor by 
opening the contact associated with it. 


After this sequence of operations everything is 
exactly the same as before except that a certain length 
of film has been advanced into the used-film magazine 
and a complete record made on it. The length of the 
record may be adjusted by an adjustment of cam 3. 

In case the disturbance lasts until after the amount 
of film allotted to each record has been used, the line 
relay will remain operated and the film will continue 
to be exposed during one whole cycle of the sequence 
switch. Thus a continuous record can be made of a 
disturbance, however long, provided there is sufficient 
film. 

Fig. 16 shows a sequence switch that has been used 
in the arrangements of both Fig. 14 and Fig. 15. With 
it a great many arrangements of automatically con¬ 
trolled equipment may be set up besides those described, 
permitting the oscillographs to be used in a great 
number of ways. 

A modification of the continuous-film oscillograph 
which appears to have some novel and useful features is 
shown in Fig. 17. It is adapted especially for sampling 
a wave at regular short intervals instead of making a con¬ 
tinuous record or merely a record of unusual distur¬ 
bances. It involves, in addition to the usual optical 
system and means for advancing the film, an addi¬ 
tional mirror in the light path between the vibrator 
and the film, rotating synchronously with the current 
or voltage to be recorded, about an axis perpendicular 
to both the direction of motion of the film and the 
axis of the vibrator mirror. The function of the ro¬ 
tating mirror is to sweep the light beam along-the os¬ 
cillograph film past an aperture shown at A in such a 
way that the effective film speed during exposures is 
many times the actual film speed, and to permit of 
exposure during only a small part of the total time. 

As an example, suppose that the mirror makes one 
revolution in two seconds and that the wave to be 
recorded has a frequency of 60 cycles per second. If 
the distance of the rotating mirror from the film is 
approximately 8.5 in., one cycle of the wave recorded 
will be spread over one inch of film. If a rotating mirror 
with a single facet is used, and if the aperture is just 
one inch wide, the actual film speed should be one inch 
in two seconds and every one hundred and twentieth 
wave will be recorded. If two facets 180 deg. apart 
are used on the rotating mirror, and if the film speed is 
doubled, one wave in every 60 will be recorded. 

Individual facets on the revolving mirror may be 
inclined to the axis of rotation in order that successive 
exposures may be made from different vibrator elements. 
For example, three facets suitably mounted could be 
employed to show in succession sample waves of 
current from the three circuits in a three-phase line, 
the motor driving the mirror being operated synchro¬ 
nously in phase with the three-phase voltage. 

The advantage in this recording method lies in the 
ability to obtain a good record of slow changes with 
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good resolution and without the use of a large amount 
of film. 

Another method of sampling which gives a some¬ 
what different, kind of information may be used with a 
continuous-film oscillograph with the usual form of op¬ 
tical system. The film isrun atvery slow speed in order 
to obtain normally an envelopeof the wave. At intervals 
the speed of the film is increased to a value sufficient to 
resolve the wave and show the actual wave shape. A 



Fig. 10—Samples op Polah Oscillograms 


record of the time may be made on the film by photo¬ 
graphing a clock at regular intervals, say once a minute. 
A record made in this way is shown in No. 6, Fig. 19. 

Frequently there is an advantage in recording two or 
more variables simultaneously. A record obtained with 
two vibrators is shown in Fig. 19, No. 7. 

Performance 

The limitations of an oscillograph lie mostly in the 
vibrator and, to a smaller degree, in the optical system 
and photographic emulsion used. The frequency char¬ 
acteristic of the vibrator up to 800 cycles is quite uniform, 
permitting records of disturbances having components 
in this range to be made with little distortion. This 
range includes the first 13 harmonics of 60 cycles and the 
first 32 harmonics of 25 cycles. 

The vibrator may be wound to have any impedance 
in a wide range. If wound to have a high impedance 
it is especially suited for recording voltage waves, and 
if wound to have low impedance it is better suited for 
recording current waves. The sensitivity, as usually 
expressed, in millimeters deflection per milliampere of 
input, varies approximately as the square root of the 
impedance of the winding. The ratio of deflection to 
input is constant over a considerable range due to the 
balanced structure of the motor element. 


As noted previously the oscillographs described are 
intended for recording in a comparatively low frequency 
range. In the range given there has been no difficulty 
in obtaining good records with a two-cp. flashlight bulb. 
This, of course, is largely due to the large size of the 
mirror on the vibrator. 

Samples of records made with the oscillographs 
described are shown in Figs. 6, 8, 18, 19, 20, and 21. 
Those in Figs. 6, 8, and 18 have already been mentioned. 
Fig. 19 shows eight strip oscillograms and Fig. 20 
shows four polar oscillograms illustrating some of the 
possibilities of these instruments. Fig. 21 is a response 
calibration, at constant frequency,of a polar oscillograph. 

A number of field applications of oscillographs of 
both types has been made with satisfactory results. In 
some cases where cooperative studies were being made, 
the oscillographs have been used for recording transient 
neutral currents in power systems as well as to record 



Fig. 21—Amplitude Calibration op Polar Oscillograph 

voltages induced in telephone circuits by power system 
transients. Experience with the oscillographs in these 
field installations has suggested a few improvements of a 
mechanical nature and certain rearrangements of parts 
to increase the convenience of operation. These 
changes are now being embodied in a new design. It is 
hoped that it will be possible in a later paper to describe 
these features and to give the results of field experience 
more fully than can he done at this time. 


Discussion 

Morton Sultzer: Oscillographs of the general typo described 
by Mr. Marrison have been in field use for over two years. I 
wish briefly to discuss some of the results obtained. I hope at a 
later date to present to the Institute a more elaborate roview of 
these results. 

As stated in the paper, this apparatus was developed for re¬ 
cording transient inductive disturbances in communication lines 
from neighboring power circuits. In our observations of this 
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kind of disturbance, there have always been cases where transient 
disturbances were manifest in communication circuits, for which, 
there was no record of disturbances in the power system to which 
the communication circuits were exposed, and there have been 
records of disturbances in power circuits of sufficient magnitude 
to cause inductive disturbances in neighboring communication 
circuits, for which there are no records of disturbances in the 
communication system. An automatic recording oscillograph, 
equipped with a camera for photographing a clock to indicate the 
exact time of occurrence of the disturbance, should be a valuable 
tool in deter mini ng what disturbances correspond in the two 
systems. 
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Fig. 2 is an illustration of the rapidity of action of the oscillo¬ 
graph, for a surge of this type would probably not result in any 
breaker operation and therefore would not be called to the atten¬ 
tion of the power company. The surge lasted slightly longer 
than one cycle on a 60-cycle system. 

Fig. 3 shows 25-cycle induction from an electrified railroad, 
illustrating the use of the three-element oscillograph. 

Fig. 4 shows oscillograms from stages tests showing the current 
in the neutral ground circuit of a 60-cycle power system and the 
resulting induction on communication circuits. These two 
oscillographs were situated approximately 60 mi. apart at the 
time of the tests. It will be noticed that communication circuit 
induction is recorded on two exposed lines by use of a two-element 
oscillograph, and an inspection of the two strips will illustrate 
how closely the induction followed the variations in the fault 
current. After the first six cycles, the second phase was faulted, 
causing an increase in the fault current, and after 31 more cycles, 



Fig. 4 




Fig. 3 


Fig. 5 



In certain cases where co-operative studies are being made, 
oscillographs have been used to record simultaneously the dis¬ 
turbing abnormal in the power system, as well as the disturbance 
in the communication circuit. In addition to recording transient 
disturbances caused by abnormal conditions on power systems, 
this oscillograph has been found valuable in staged tests where 
the faults were applied to the power system at a predetermined 
time, and for measuring normal load induction. 

Fig. 1 herewith is a diagram showing the connections of the 
continuous film oscillograph into a power system’s neutral 
ground. In the secondary of the current transformer are in¬ 
serted two small resistances. The drop across one resistance is 
supplied to the low side of a transformer, the high side of which 
feeds the tripping relay circuit. Bridged across the other re¬ 
sistance is the vibrator element of the oscillograph wound for low 
impedance. By this connection, it is possible to use a small 
radio-type transformer for operating the tripping relay without 
causing wave-shape distortion of the resultant oscillograms due to 
overloading. 


Fig. 6 

both phases had cleared. The current and the resulting induc¬ 
tion after this point are due to the fact that the fault was placed 
on one of two transmission lines, working in parallel. After the 
fault had cleared on the side toward the generating station, it was 
fed over the non-faulted line until the breakers cleared at the far 
end. 

Fig. 5 shows oscillograms of a 25-cycle calibrating wave. It 
will be noted that the film in this case is run at a much higher 
speed than on most of the other oscillograms, the speed in this 
case being approximately 5 ft. per sec., and in most of the other 
oscillograms 1 ft. per sec. This speed has been successfully used 
in staged field tests. 

Fig. 6 shows the induction under normal load conditions from a 
25-cycle electrified railroad system. This oscillogram was taken 
at a film speed of about 1 in. per min., and at 5 min. intervals a 
short sample of the wave shape was taken by speeding up the 
film to approximately 1 ft. per sec. 


























Bushing-Type Current Transformers for Metering 
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Synopsis.—This paper describes a new development in con- in that it does not require two-stage wattmeters and watthour meters, 
nection with bushing type current-transformer metering circuits, but may be used with any wattmeter or watthour meter. The 
While this development utilizes the two-stage principle and has the principle and connections of the transformer are explained, and 
same order of accuracy as that of two-stage current transformers, performance curves of a typical unit are given, 
it is different from the conventional two-stage current transformers * * * * * 


Introduction 


T HE great simplicity, reliability, and low cost 
of the bushing-type current transformer have led 
engineers to an effort to improve its accuracy to 
such a point as will be satisfactory for metering pur¬ 
poses. The introduction of the two-stage principle 8 
by Brooks and Holtz, six years ago, marked a satis¬ 
factory improvement in accuracy, but the two-stage 
principle as applied so far has required special two-stage 
wattmeters and two-stage watthour meters. There has 
still remained, therefore, the need for a bushing-type 
current transformer that would have metering accuracy 
and could be used with any wattmeter or watthour 
meter. In the development of the arrangement 
described below, which satisfies this requirement, the 
two-stage principle has been retained and such addi¬ 
tional features have been incorporated as would make it 
adaptable to single-stage wattmeters and watthour 
meters. 


Circuit of the New Current Transformer and 
Theory of Its Operation 
Pig. 1 illustrates diagrammatically the conventional 
two-stage current transformer and a two-stage watt¬ 
meter or watthour meter. Pi Si is the first stage of the 
current transformer feeding the first-stage current-coil 
Ci of the meter W. The current in Ci differs (vectori- 
ally) from the correct secondary current by the exciting 
current in Pi divided by the turn ratio of the trans¬ 
former. The second-stage transformation aims to 
put into C« a current equal to this difference. In the 
second stage of this current-transformer, P 2 and P/ act 
jointly as the primary; that is, the net ampere turns of 
P 2 ' and P/ act as the primary ampere turns, inducing 
a corresponding secondary current in Si, which flows 
into the second-stage current-coil Ct of the meter. 
The net ampere turns of P 2 ' and P 2 " are the exciting 
ampere turns of the first stage and thus the current 
delivered to Si and C 2 represents and makes up for the 
exciting current error of the first stage. In trans¬ 
forming the exciting current of the first stage, the 
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second-stage current transformer requires an exciting 
current, so that the exciting current correction by the 
second stage is not 100 per cent exact. However, since 
the residual error is the exciting current of the exciting 
current, it is of second order of magnitude as compared 
with the error of the first stage or as compared with the 
error of an ordinary current transformer of the same 
proportions. 

In order that the two stages may perform without 
interference from each other, it is necessary that the 
two circuits have no appreciable mutual impedance. 8 
One obvious method of accomplishing this is to separate 
the current coils Ci and C 2 from each other and provide 
a separate potential coil for each one to react with. 



Pig. 1—Two-Stagb Current Transformer with Special - 
Wattmeter Having Two Current Coils 

This is the practise followed in most of the two-stage 
current transformer applications, requiring special 
wattmeters and watthour meters. This disadvantage 
has been obviated in the present arrangement as follows: 

For the proper performance of the two stages, it is 
not necessary that there should be no mutual impedance 
between the two circuits at any point, but that there 
should be no net mutual impedance. Accordingly, Ci 
and Ci may have any mutual impedance at any point 
provided that it is neutralized by an equal and opposite 
mutual impedance at another point. If C i and C 2 

4. By the mutual impedance between two circuits is under¬ 
stood the ratio (vectorial) of the voltage in one circuit produced 
by current in the other to the current flowing in the other 
circuit. As far as the authors know, this conception has to 
date been limited to mutual inductance or mutual reactance, 
but if the two circuits have a part in common it is obvious 
that current flowing in the one will give rise to an in-phase 
voltage in the other due to the resistance of the common part. 
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are combined into a single current coil C (Fig. 2) as in 
any conventional wattmeter or watthour meter, the 
mutual impedance between the first and second stage 
circuits is the impedance of the coil C, and therefore 
it is necessary and sufficient to provide another impe¬ 
dance common to the two circuits and equal and opposite 
to C. This is accomplished by the auxiliary impedance 
Z and the transformer T. The impedance Z is sub- 



Fia. 2 — Two Stage Current Transformer with Standard 
Wattmeter 

stantially equal to the impedance C times the ratio 
of transformer T, and the transformer T accomplishes 
the desired reversal of sign so that one can neutralize 
the other. To make this clearer, assume that the 
switch A in the second stage is opened. The first stage 
current flowing through C and the primary T, will 
naturally circulate a corresponding current in the 
secondary of T through the impedance Z. If now we 
trace the second-stage circuit beginning at a and ending 
at 6, through Z and C, we find that there are two 



Fig. 3—Two Stage Current Transformer with Standard 
Wattmeter, Ammeter, and Relay 

impedance drops in it, one at Z, the other at C, and that 
these two are opposite to each other so that no net 
voltage appears from a to & induced from the first stage 
current. The equality of the two drops is accomplished 
by the equality of the two impedances, while the 
opposition of the drops is accomplished by the fact 
that the secondary induced current of T must be opposite 
to its primary current. Thus, the net mutual impe¬ 
dance between the first-stage and second-stage circuits 
is rendered zero; and, therefore,, if the switch A is 


closed, the second-stage current transformer delivers its 
current into the current coil C of the meter unaffected 
by the first-stage current C. Thus, both the first and 
the second stage currents flow simultaneously in one and 
the same coil C without any interference. 

If Z is vectorially identical with the impedance of C, 
obviously the exciting current of T will cause the drop 
across Z to be slightly (vectorially) different from that 
across C. This error may, if desired, be compensated 
by making Z proportionately (vectorially) different 
from C. The magnitude of this error, however, is very 
small compared with the general improvement accom¬ 
plished, especially in the bushing-type current trans¬ 
formers; because, first, the auxiliary transformer T 
is a very low-voltage transformer and can therefore 
be made far more accurate than the high voltage units 
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Fig. 4b—Performance Curve 

P i, PsJ and second, the auxiliary transformer T need 
not be bushing type, but of any high accuracy type, and 
thus again its error will be almost negligible for the 
circuit conditions. T is not to be mounted on the bush¬ 
ing but at any convenient point on the switchboard 
near the meters. 

Fig. 3 illustrates the connections of such a current 
transformer arrangement with a number of instru¬ 
ments. Since great precision is necessary only in 
the meters and not in the indicating instruments or 
relay coils, only the watthour meter is shown included 
in the second stage. This leads to greater accuracy by 
reducing the burden and exciting-current of the second 
stage. In such applications, the auxiliary impedance 
Z must obviously represent the impedance of only that 
part of. the burden which is to be “two-staged.” The 
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auxiliary impedance naturally adds to the burden 
of both stages, but since it duplicates only that part 
of the burden which is to be “two-staged/' it adds 
only a small amount to the total. 

Performance Curves 

Figs. 4a and 4b show performance curves of a 300- 
ampere turn, 60-cycle unit designed for a 132-kv. 
bushing. Single stage curves taken on the same unit, 
and using both first stage and second stage iron 
are also shown for comparison. The curves were 
taken for standard burdens No. 2 (20 volt-amperes, at 
0.90 power factor) and No. 5 (132 volt-amperes, at 
0.38 power factor). It will be noted that errors in 
phase angle of + 36 min. and — 52 min. at full load 
have been reduced to + 10 min. and + 8 min. respec¬ 
tively, whereas errors in ratio of 4.2 per cent and 1.2 
per cent have been reduced to 0.6 per cent in each case. 
Moreover, whereas the uncompensated transformer 
showed much larger errors at low values of current 
than at high values, the two stage transformer with the 
compensating device is very nearly as accurate with 
0.5 secondary amperes as with 5 secondary amperes. 

Table I shows the final correction factor for each 
burden at 0.5 secondary amperes and at 5.0 secondary 
amperes and at various power factors. 

The table shows that the combined ratio and phase 
angle error changes from 1.1 per cent at 10 per cent of 
rated secondary amperes to 0.8 per cent at full rated 
secondary amperes at 80 per cent line power factor, 
with additional improvement as the power factor is 
increased. 


TABLE i 

FINAL CORRECTION FACTOR 


line 

power factor 

0.5 seconds 

ry amperes 

5.0 seconda 

ry amperes 

Burden No. 2 

Burden No. 5 

Burden No. 2 

Burden No. 5 

0.00 lead 

0.004 

0.007 

0.005 

0.005 

0.05 lead 

0.003 

0.006 

0.005 

0.005 

1.00 

0.002 

0.004 

0.004 

0.094 

0.05 lag 

0.001 

0.002 

0.003 

0.003 

0.00 lag 

0.000 

0.001 

0.003 

0.993 

. 0.80lag 

0.080 

0.080 

0.002 

0.992 

0.70 lag 

0.088 

0.087 

0.001 

0.992 

0.60 lag 

0.087 

0.085 

0.000 

0.991 

0.50 lag 

0.085 

0.083 

0.080 

0.990 


Discussion 

C. T. Wellers The comparison between single- and two-stage 
operation suggests a slightly different view of the theory of 
two-stage operation, Which may be of interest: 

Referring to the authors’ Fig. 1, the first stage of current 
transformers Pi and P 2 ' may be thought of as a frequently used 
combination of bushing-type current transformers, in which the 
secondaries of two such transformers are connected in series to 
obtain better performance. The secondary “ampere-turns” 
(this term makes the discussion independent of the actual trans¬ 
former ratio) are less (vectorially) than the primary ampere- 
turns by the amount of the exciting ampere-turns, which are 
necessary to force the secondary current through the windings 
and burden. In general, the secondary ampere-turns differ 
both in magnitude and in phase angle from the primary ampere- 


turns, and thus produce corresponding errors in the meter 
registration. 

If, therefore, another set of ampere-turns, which is approxi¬ 
mately equal to the exciting ampere-turns, could be super¬ 
imposed on the secondary ampere-turns, the error would be 
considerably reduced. This is accomplished by the two-stage 
transformer in which a tertiary winding (£ 2 ) on part of the core 
(P 2 ') is energized by the comparatively small exciting ampere- 
turns. This winding must, therefore, supply a small part only 
of the secondary burden. The exciting ampere-turns of the 
tertiary winding are comparatively large (although of a second 
order) even when supplying a comparatively small burden; a 
large burden might render the output negligible. 

A comparatively small burden is obtained in the standard 
two-stage watthour meter by providing a duplicate current 
coil. The modification described by the authors obviates, as 
stated, the necessity for the separate current coil. Perhaps the 
best summary of the results obtained is given in their Table I, 
in which the “overall” correction factors differ from unity by 
nominal amounts only for a wide range of line power factors. 
It can be shown, however, that the accuracy obtainable with the 
modified method is inferior to that with the standard two-stage 
method, due principally to the addition of the burden of the 
auxiliary current transformer T. 

P. O. Landguths The fine performance shown in Figs. 4a 
and 4b, of the paper, I assume are on the basis of two-staging 
the watt-hour meter burden only, and that the 20 volt-ampere 
burden is carried on single stage only. 

It would be interesting to know what performances can be 
expected when applying this transformer to conditions of lower 
ratio, and higher secondary burden where the complete burden is 
two-staged, and also if it is necessary to have a special impedance 
Z and transformer T when it is desired to change meters. 

It seems that the space requirements of this type of trans¬ 
former when used on circuit breakers may be a deciding factor 
in its application. At first hand it appears that the transformer 
would be of relatively large proportions when attempt is made to 
apply it to the lower voltage class of breakers, and probably very 
little gained over the conventional bushing transformer using a 
low-loss iron core. 

A. M. Widens: (by letter) Several years ago the writer 
tried out a scheme with bushing-type current transformers very 
similar to that described in the paper by Messrs. Boyajian and 
Skeats. This scheme consisted of a main transformer and an 
auxiliary transformer having their secondaries connected in 
parallel, with an auxiliary burden connected in the circuit of the 
auxiliary transformer. This scheme was tried out on 50/5- 
ampere and 200/5-ampere ratio transformers. Very good per¬ 
formance resulted when a proper adjustment of the values of 
resistance and reactance of the auxiliary b.urden was obtained. 
The scheme was objectionable, however, because it was necessary 
to adjust its auxiliary burden on test for each unit and ateo be¬ 
cause this adjustment was correct for one certain burden only. 
Apparently the same objections apply to the scheme described in 
this paper. 

About this time the nickel-iron alloy, known as hipernik, 
had been developed to the point where it could be used in low- 
ratio designs to give a performance on a par with that of the 
compensated scheme *for small and medium-size ring punchings 
and for ratios down to 150/5 amperes*. However, no reliable 
tests for metering accuracy have been made on large rings, or 
for very large secondary burdens. Further experiments with the 
compensated scheme were abandoned in favor of the much 
simpler designs using hipernik. Some examples of the per¬ 
formance obtainable with hipernik designs are given in Figs. 1 
and 2 shown herewith. Further work is yet to be done with 
designs employing very large ring punchings.. 

A. Boyajianr The modified two-stage current-transformer 
described in this paper is as yet in its developmental stage, 
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and therefore some of the questions asked cannot be answered 
with certainty. The device is as yet unavailable in the market. 

Referring to Mr. Weller’s discussion, his point that the 
“modified” outfit will be somewhat less accurate than the straight 
two-stage outfit, may be true, if the compensating impedance is 
made an exact duplicate of the meter burden, but this auxiliary 
impedance need not be an exact duplicate of the meter burden. 



Fig. , 1—Ratio and Phase-Angle Curves 
150/5 A. ring-type current transformer 

Answering Mr. Langgutli’s question, if the meter is changed, 
the auxiliary transformer T need not be changed, but the im¬ 
pedance Z may well be changed (or adjusted) if the impedances 
of the two meters are very different. 

Referring to Mr. Wiggin’s discussion, I may say that there is 
a world of difference between, (a), an attempt to feed back a 
variable magnetizing current from an auxiliary fixed impedance, 
and'(b), a scheme to neutralize a fixed mutual impedance by an¬ 


other fixed mutual impedance. When an auxiliary impedance 
is used to feed back exciting current, the accuracy is seriously 
affected not only by changes in meter burden but also by changes 
in load current. It can be adjusted to excellent accuracy at one 
value of load current (no matter what the primary ampere- 
turns may be), but when the load current is increased or de¬ 
creased, large errors may begin to show. The two-stage principle 
differs from this fundamentally, in that the variable exciting 



PERCENT RATED' CURRENT 
Fig. 2—Ratio and Phase-Angle Curves 
150/5 A. ring-type current transformer 

current is transformed in a second stage and fed to the meter 
burden. There is very little difference in the manner of func tion- 
ing of the straight two-stage and the modified two-stage outfits. 

As to the question of core materials, undoubtedly the better 
the material, the better is the performance for a given circuit 
connection. Conversely, for a given quality of material, the 
two-stage principle will give far better results than the conven¬ 
tional single-stage operation. 





Cathode Ray Oscillograph Study 

Of Artificial Lightning Surges on the Turners Falls 

Transmission Line 


BY K. B. McEACHRON* 
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Synopsis.—A portable impulse generator delivering 400 kv. 
has been constructed. A cathode ray oscillograph of the cold 
cathode type has been so connected that impulses incoming over 
the transmission line to which it is connected will initiate the 
oscillograph. 

The results of studies on a 6.77-mi. section of a 66-Jcv. line of the 
Turners Falls Power Company are given. Impulses of definite 
forms are applied to the line . The theory of traveling waves is being 
checked experimentally , demonstrating the existence and magnitude 
of reflections , both for open ended lines and for lines closed through 


and Y. E. GOODWIN* 

Associate, A. I. E. E. 

gaps or a combination of inductance and capacity. A simple 
description of the theory is given. 

Some preliminary results are given for attenuation obtained by 
successive reflections from either end of the line. 

The reduction of the incoming waves by an oxide film lightning 
arrester is given, the affected wave in one case having a front of six 
microseconds and in another case a front of 0.6 microseconds . 

Further work to be done includes the effect of traveling waves on 
choke coils, transformers , and ground wires. Additional work is to 
be done to determine the laws governing attenuation. 


A S a result of the development of the klydonograph 1 
and the surge-voltage recorder, 2 it has been possible 
to obtain records of lightning and switching surges 
on transmission lines, and a large number of data has 
been collected giving information concerning surges 
appearing on lines both as a result of lightning and of 
switching. These data 3 have given useful information 
concerning surge characteristics, such as magnitude, 
frequency of occurrence, polarity, approximate location 
of inception (in the case of lightning), and attenuation. 

These studies using the Lichtenberg figures have not, 
however, given much information concerning the travel 
of waves through the transmission conductors or the 
effect of the various pieces of apparatus on these waves. 
Many of the data obtained are contradictory, which is 
to be expected since the effect of the apparatus on the 
traveling waves will in many cases depend on the 
character of the incoming wave, which may have in 
practise many different shapes. Furthermore, the 
recorder or klydonograph cannot distinguish between 
the original wave and a reflection—it is only capable of 
recording the crest values of transients. 

Because of the limitations of this means of deter¬ 
mining the characteristics of transients, two cathode 
ray oscillograph installations were made in the United 
States during the summer of 1928. The oscillogram 4 
taken at Wallenpaupack showed a wave reaching its 
crest in about eight microseconds and having a total 
duration of about thirty-five microseconds. 

Information of this kind is valuable, since it shows 
what form impulses due to lightning may take, but to 
study the reaction of apparatus or lines to natural 
lightning using cathode ray oscillographs, is both slow 
and costly. It is practically impossible to obtain a 

•Both of the General Electric Co., Pittsfield, Mass. 

1. For all references see Bibliography. 

Presented at the Regional Meeting of the Middle Eastern District 
of the A. I. E. E., Cincinnati, Ohio, March 80-22,1929. 


number of approximately identical transients caused 
by natural lightning, for the purpose of observing 
the effect of lines and apparatus on the shape of the 
wave. 

It appears that a much more satisfactory way to 
study this phase of the protection problem, is to apply 
artificial lightning surges, which may be duplicated at 
will, and made to appear on the line whenever desired. 
The authors believe that this paper records the first 
application of impulses from a lightning generator to 
an actual high-voltage transmission line. This method 
of obtaining controlled impulses makes possible the con¬ 
tinuation of the studies throughout practically the 
entire year, without depending on lightning storms 
which occur during the summer months only. The ap¬ 
plied impulses may have various fronts and tails as de¬ 
sired, so that all factors may be studied. 

Apparatus 

The equipment required consists essentially of 
cathode ray oscillograph equipment which can be set 
up and operated in the field, and an impulse generator 
which is easily moved along the transmission line as 
desired. It is of course necessary to have power avail¬ 
able at both the oscillograph and impulse generator 
locations. Some form of communication between the 
men located at the impulse generator and at the oscillo¬ 
graph is desirable. At present it is easier to move the 
generator than to move the oscillograph; however, as 
oscillographic apparatus becomes further developed, 
it may become as truly portable as the lightning 
generator. 

Cathode Ray Oscillograph 

No detailed description of the cathode ray oscillo¬ 
graph will be given here as a rather complete explana¬ 
tion was given in a paper 8 before the A. I. E. E. in 
1925. The oscillograph used in these studies, while 
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operating on the same principle as the Dufour oscillo¬ 
graph, is of the type described by Lee. 6 

This oscillograph is the cold cathode type which is 
not suited to continuous operation unless the cathode 
potential is kept low, which interferes with its ability to 
record high-speed transients photographically. There¬ 
fore, one of the first requirements in the use of this 
oscillograph for transient registration is, that means 
must be provided for exciting the cathode at the time 
of the occurrence of the transient. When using light¬ 
ning generators in the laboratory this was accomplished 
readily because one could initiate the transient some¬ 
what after potential was applied to the cathode of the 
oscillograph. When endeavoring to record lightning 
surges on a transmission circuit, it is necessary that the 
incoming transient set off a trip circuit which will 
excite the cathode and complete necessary connections 
so that the oscillograph is in operation within perhaps 
a millionth of a second after the voltage at the oscillo¬ 
graph begins to rise due to the incoming transient. 

With a study such as that being described in this 


Transmission line 



Fig. 1—Circuit for Automatic Initiation of the Cathode 
Rat Oscillograph bt Incoming Transient 

paper it is desired to obtain oscillograms of natural 
lightning transients as well as records of the man-made 
lightning transients and therefore the circuits are 
arranged to be operated either way. 

The diagram of circuits used for initiation of the 
oscillograph by the incoming transient is given in Fig. 1. 
When the oscillograph is about to be used a bank of 
capacitors C is kept charged to a potential sufficient 
for the excitation of the cathode of the oscillograph. 
This potential is applied between the two outside 
spheres of the three-electrode gap K, the middle sphere 
of which is held at a mid-potential by connection to the 
middle of the bank of capacitors. When the potential 
of the middle sphere begins to shift, due to the in¬ 
coming transient, sufficient unbalance results so that 
the gaps arc-over and the potential of the charged 
capacitors appears across the resistance R. This same 
potential also appears between the cathode and the 
anode of the oscillograph, resulting in the establishment 
of the cathode stream, which is to be deflected by the 
incoming transient and leave a record of its wave shape 
on the photographic film. 

The potential applied to the cathode is also applied to 
a capacitor in series with a kenotron and a resistor 


which controls the rate of voltage rise across the 
capacitor. The changing potential across the capacitor 
is applied to a pair of deflecting plates which results in 
the time scale or sweeping motion of the cathode spot 
on the photographic film. The rate of voltage change 
can be calculated but the time scale on the oscillogram 
is usually checked directly by means of superimposing 
at right angles the motion resulting from the application 
of a high frequency potential whose frequency is ac¬ 
curately known. The parallel resistor keeps the de¬ 
flecting plates at zero potential except when the oscillo¬ 
graph is measuring a transient, while the parallel gap 
prevents the application of excessive potentials to the 
deflecting plates. The kenotron is used to prevent the 
plates from discharging and the cathode beam coming 
back across the film when the protective gap sparks. 

The potential of the incoming transient is divided by 
the shielded gap D in series with the deflecting plates of 
the oscillograph which taken together constitute a 
capacity potentiometer. This circuit is shielded from 
stray influences by a grounded copper covering and 
arranged with inherent resistance such that local 
oscillations are minimized. 

The circuit shown to the left of the oscillograph in 
Fig. 1 is arranged so as to apply to the deflecting plates 
a transient potential when the sweep has carried the 
spot nearly across the photographic film. Since the 
potential applied is known, a means of securing a 
voltage calibration is obtained which appears on the 
film as a superimposed rise in potential at the end of the 
time scale. This calibration circuit can be used or not 
at will. The use of this circuit does not appreciably 
affect the measuring circuit since the capacity relations 
are such that the potential across the calibrating 
capacity due to the impulse is about one per cent of that 
across the deflecting plates. 

Cathode ray oscillograms taken with the circuit shown 
in Fig. 1 but without using the calibrating circuit are 
given in Fig. 7. The oscillograph was initiated by the 
transient, and the time delay in getting the cathode 
stream under way is indicated by the gap in the front 
of the wave. This method of operation of the oscillo¬ 
graph is the one which is being depended upon to 
secure oscillograms of lightning impulses on the trans¬ 
mission line. 

Because this type of circuit loses a portion of the 
front, the circuit was modified as shown in Fig. 2. 
In this figure is also shown the circuit for the impulse 
generator set up to apply impulses to the transmission 
line. 

With this method of operation the potential of the 
middle sphere of the three-electrode gap at the impulse 
generator is disturbed when the operator closes switch 
S. At the same time this applies to the lower conductor 
of the transmission line a small transient potential 
which disturbs the potential of the three-electrode gap 
at the impulse generator, which is held in a charged 
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condition, with the result that the three-electrode 
gap sparks over and initiates a discharge of the genera¬ 
tor, thus applying to the middle conductor of the trans¬ 
mission line a surge whose characteristics are determined 
by the constants of the generator and the line. 

It is therefore possible for the operator at the oscillo¬ 
graph to initiate a transient at any time which he 
desires, applied at any point along the transmission 

Jwr No.279_Transmiwon Line_Pittsfield Ete'ctrit Co. 


Fio. 2 —Circuit for Applying Transients to a 
Transmission Line 

Arranged to pre-excite the oscillograph so that the entire wave-front may 
be obtained 

line, and have the oscillograph already excited by the 
time the transient arrives, thus securing an oscillogram 
of the entire wave front. Such an oscillogram is 
shown in Fig. 10. 

The Transmission Line 

The transmission line on which these tests are being 
made consists of a double circuit, and extends from the 

Antenna 


Ground Wire V 



Showing location of line conductors, antennas, and ground wire 

Pittsfield Silver Lake Substation to the Cabot Station 
of the Turners Falls Power Company on the Connecti¬ 
cut River. The total length of circuit is 36.7 mi., 
passing over rather hilly country in [western Mas¬ 
sachusetts. 

A typical tower is given in Fig. 3, showingjthe spacing 


of conductors and the single ground wire on the top 
of the tower which covers the entire length of line 
except for a distance 945 ft. on the Pittsfield end and 
1400 ft. on the Cabot Station end, where carrier-current 
wires replace the ground wire. On the Pittsfield end a 
second carrier wire is installed as indicated in the figure. 
Two 22-kv. circuits are also carried on the towers from 
the Silver Lake Station for a distance of one mile. 
These are also shown in Fig. 3. 

The line was built for 110 kv. operation, but is now 
operating at 66 kv. The 66-kv. line conductors are 
2/0-7 strand hard drawn copper and the ground wire 
is 0.375-in. galvanized steel. The average height of 
line at the tower is 71 ft. for the top conductor. The 
line runs through rock; earth, and swamp country, the 
proportions being about equal on the section of the line 
used in tests thus far. At five points along the line 



Fia. 4 —Silver Lake Substation of Pittsfield Electric 
Comp ant 

Showing location of oscillograph and terminal equipment 

disconnecting switches have been provided. Tests 
have been made only at Tower 279, which is located 
in a valley between two hills a distance of 5.77 mi. from 
the Silver Lake Substation. 

Cathode Ray Oscillograph Installation 
The cathode ray oscillograph is installed at the Silver 
Lake Substation in the smaller of the two buildings 
seen in the middle left in Fig. 4. Mounted on the roof 
of this building is the shielded gap which forms a part 
of the potentiometer for reducing the transients to 
values suitable for the oscillograph. On the roof of 
the building just beyond the one housing the oscillo¬ 
graph is mounted a two-way disconnecting switch so 
that connections to the oscillograph may be made to 
either side of the choke coil or to other points as desired. 
The photograph shows the location of choke coils and 
arresters and gives an idea of the station layout. The 
transformers at the left supply power to the General 
Electric Company while the circuit breakers and 
transformers of the Pittsfield Electric Company are 
further to the right and do not appear in the photo¬ 
graph. In all of the tests made, the circuit on the left 
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side of the towers shown in Pig. 4 was used, the dis¬ 
connects just over the circuit breakers on the right of 
the photograph were open, so that only the bus work 
shown in the photograph was in circuit during the 
tests. Although tests will probably be conducted at a 
later date with the line energized, all of the tests de¬ 
scribed in this paper were made with the line dead. 

In some of the early work on this line the impulse 
generator, which was later moved out to Tower 279, 
was located just beyond the larger of the two small 
buildings shown in Fig. 4. In every case apparatus 
such as arresters or water tubes which were connected 
between line and ground in various tests were always 
located in the space just in front of the lightning 
arresters. 

Impulse Generator at Tower 279 

The impulse generator was originally designed to 
deliver a crest potential to ground of 300 kv. This was 
later increased to 400 kv., using 16 oil capacitor units 
charged in parallel and discharged in series making use 
of_' the Marx 7 circuit as indicated in Fig. 2. The 



Pio. 5 —Tower 279—Showing Portable Impulse 
Generator 

Line in foreground extends to Pittsfield 

generator has a capacity of 0.0166 /if., the stored 
energy being 1250 watt-sec. 

Tests have been made with two wave fronts, one a 
fast wave reaching its crest in about one-half micro¬ 
second, and the other a slower wave obtained by con¬ 
necting an inductance of 0.0018 henrys between the 
generator and the line. This slower wave rises to its 
crest in about six microseconds. Practically all of the 


results to be given in this paper were taken with the 
slower of these two waves. 

In all of the tests described in this paper, unless other¬ 
wise noted, the impulse generator has always been con¬ 
nected to the middle conductor of the transmission 
line, while the lower conductor has been used as a 



Fig. 6— Portable Impulse Generator at Tower 279 
Open circuit voltage Is 400 kv. 


control wire to initiate the impulse immediately after 
starting the oscillograph so that the full wave could be 
obtained on the oscillogram. 

Pig. 5 shows the impulse generator at the base of 
Tower 279 with the connections made, and the dis¬ 
connects open. The photograph shows the line extend¬ 
ing over the hills to Pittsfield and gives a fair idea of the 
type of country traversed by this line. The middle and 
the lower conductors of the circuit on the right side of 
the tower are connected to the impulse generator. 

Some idea of the construction of the impulse generator 
may be obtained from Fig. 6 which shows the inductance 
coil and a parallel sphere-gap (25 cm.) arcing over on the 
crest of the wave. The charging equipment is located 
at the rear of the building and cannot be seen in this 
photograph. 

Line Characteristics 

Considerable theoretical work® has been done with 
the travel of perpendicular waves on lines and the effect 
on these waves of different terminal conditions, such 
as open circuit, short circuit, and different values of 
resistance, inductance, or capacity, in combination or 
alone. 

The problem for waves not having a perpendicular 
front is more complicated, but is probably the only 
case which occurs in practise, and is therefore of great 
importance. The reaction of devices such as lightning 
arresters cannot be calculated and must be determined 
by test under actual conditions as they exist in practise. 

In order that a proper understanding of the principles 
involved may be obtained by the reader, two oscillo¬ 
grams are given in Fig. 7 which will be discussed in 
some detail. The circuit diagram is given under each 
oscillogram. It should be noticed in both cases that 
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the impulse generator and the cathode ray oscillograph 
are both at the Pittsfield end of the line. Also in both 
cases the disconnects are open at Tower 279, 5.77 mi. 
away. In the upper oscillogram there is no apparatus 
connected at Tower 279 while in the lower oscillogram 
a sphere-gap connected between line and ground 
arced over. 

The oscillograms are alike and may be superimposed 
up to the point where the gap sparked over. Beyond 
this point the reflection is negative, but otherwise is 
practically identical with the original reflection. These 
oscillograms show important characteristics, some of 



Pig. 7—Oscillograms Showing Initial and Reflected 
Waves with Impulse Generator and Oscillograph Both at 
Silver Lake Substation 

Upper oscillogram open ended line at Tower 279 
Lower oscillogram line dosed through gap at Tower 279 

which should be mentioned before studying the travel 
of these waves in detail. They show how transients 
can be duplicated on successive discharges and how 
beautifully the line repeats its actions when subjected to 
the same influence. This means that in general if a 
line reacts differently under one lightning influence 
compared with another, it is probably due to a difference 
in the lightning impulse and not due to a line performing 
differently. These oscillograms also show the initiation 
of the oscillograph by the transient itself which is the 
reason for the missing portion of the front of the wave. 

Traveling Waves 

A proper understanding of the oscillograms in Fig. 7 
requires some knowledge of how such waves travel on 
tran smissi on lines. An explanation made as simple as 
possible will be given without any attempt to assign 


any magnitudes to the various factors as the discussion 
is intended to be illustrative only. 

A wave travels along a line by charging up the 
capacity of the line as the voltage is increasing on the 
front of the wave and discharging the line capacity as 
the voltage decreases on the tail of the wave. Such a 
process requires an increasing current flow through the 
line as long as the voltage is increasing reaching a 
maxim u m when the voltage has ceased to change. In 
other words, the wave-front of current will exactly 
correspond to the wave-front of voltage. Likewise, 
as the voltage decreases in the tail of the wave so also 
will the current decrease by the amount being dis¬ 
charged from the charged capacity of the line under the 
tail of the wave. Thus the voltage and current waves 
will have exactly the same shape both front and tail. 

When sueh a wave is traveling along a line two equal 
energies need to be considered. One is electromagnetic 
and is stored in the magnetic field around the conductor 
due to the transient current, and the other energy is 
electrostatic and is stored in the electrostatic field 
between the conductor and ground. If the wave meets 
with an open circuit at the end of a line all of the energy 
at the open end becomes electrostatic and the potential 
at the end of the line is doubled. The returning 
reflected wave will be identical with the original wave, 
neglecting losses, at a distance away from the end 
greater than half the length of the original wave. 

If the traveling wave meets a short circuit to ground 
the electrostatic energy at the short circuit becomes zero 
and the electromagnetic energy is doubled as is also 
the current in the short circuit. If the crest current of 
the traveling wave is I amperes, which value is obtained 
by dividing the crest potential of the traveling wave by 
the surge impedance of the line, then the current in the 
short circuit will be 2 I amperes. 

In Fig. 8a is shown a simple method of determining 
the potential at the end of the line and visualizing, to 
some extent at least, the phenomenon of reflection. 
Wave W is traveling toward the open end of the line at 
X. Another hypothetical wave W' which is an exact 
reflection, is traveling toward the end of the line from the 
right. These waves are moved toward and through 
each other at the same rate and are combined by ad¬ 
dition as seen in the case marked (Time II). It will 
be noticed that the potential at X at the end of the 
line will always be double, but the value at some other 
point as K in general will not be double. Thus with 
the type of waves usually found in practise the double 
potential occurs only at the point of reflection. If the 
wave has a flat top then the double potential would 
extend farther back depending on the duration of the 
constant potential. Finally the wave marked W 
will be found traveling away from the point of reflection. 

It should be noted that a cathode ray oscillograph out 
on the tr ansmissi on line at a distance greater than the 
length of the wave would first give an oscillogram like 
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W followed by the reflection W'. These waves on the 
line exist both in time and in space. A cathode ray 
oscillograph at the end of the line would show a wave 
having the same length but with all of the ordinates 
doubled. This wave does not appear on the line in 
space, and is the record of successive voltage changes 
at the end of the line. 

Fig. 8b shows the same wave as in Fig. 8a when the 
line is grounded. The reflected wave is identical with 
the original traveling wave except that it is reversed in 
potential. The wave in space is shown after two 


used before, traveling along a line closed through an 
electrostatic capacity equal to the capacity of the 
impulse generator. The wave marked “traveling 
wave reflection” is the wave which would be measured 
by an oscillograph out on the line a wavelength away 
from the end. This wave appears in both space and 
time on the line. The summation of this reflected 
wave and the original wave gives the potential change 
across the capacity with respect to time and is what the 
oscillograph would show when connected across the 
capacity. Referring again to the reflected traveling 



Pig. 8—Reflections fob Different Terminal Conditions 

Using a wave similar to test wave and L and C equal to the values used 
in the Impulse generator 

a. Open ended line 

b. Une closed through zero resistance 

c. Line closed through capacity equal to that of the impulse generator 

d. Line closed through inductance equal to that of the impulse generator 


different times and finally the reflected wave will 
appear on the line identical with the original wave but 
reversed in polarity. The potential at the short 
circuit is always zero, while out on the line the oscillo¬ 
graph would show first the original wave and then its 
reversed reflection. 

It is important because of the use of apparatus 
having inductance and electrostatic capacity to con¬ 
sider the effect on traveling waves, first of capacity 
and inductance alone and then in combination. There¬ 
fore, Fig. 8c has been prepared showing the same wave 


wave, if the capacity is made larger, the portion below 
the zero line will become larger and the portion above 
the line will be correspondingly decreased. It may be 
noted that the capacity if small acts almost like an open 
ended line; if large it will act more like a short circuit, 
sending back into the line a large portion of the ori ginal 
voltage as a negative reflection, but the potential across 
itself will be small. 

The effect of an inductance is shown in Fig. 8d, 
using a value of inductance equal to that used in series 
with the impulse generator. The traveling wave is 
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shown and is somewhat similar to the reflected wave 
for the case with capacity at the end of the line, but is 
reversed. With inductance, the smaller the value of 
inductance the more it acts like a short circuit, and the 
greater the value of inductance the more it tends to 
act like an open ended line. The voltage variation 



the line was reduced to 75 per cent of the capacity 
when the generator and oscillograph were together at 
the same end of the line. At the same time the capacity 
was reduced the potential was correspondingly in¬ 
creased. Fig. 10 is an oscillogram taken with the im¬ 
pulse generator and oscillograph at opposite ends of the 



Volt-time Relations 
Across Imp. Generator 



A B 

Fia. 9 —Reflections with Impulse Generator at One End of Line 

a. With open-ended line 
b Line cloned through a gap set for e volts 


across the inductance with respect to time is shown in 
Fig. 8d and is the summation of the original traveling 
wave and its reflection. 

Using the methods similar to those used in Fig. 8, 
the two conditions seen in the oscillograms in Fig. 7 
are set up and sketches of the waves are drawn for the 
waves on the line and the reflected wave from either end. 

In the first tests the impulse generator consisting of 



Fiq. 10—Full Wave 6-8 Microsecond Front Impulse 
with Generator at Tower 279 

series inductance and capacity with several small gaps 
in series was at the same end of the line as the cathode 
ray oscillograph, while later the impulse generator was 
moved to the other end of the 5.77-mi. circuit being 
studied. Thus, we have oscillograms taken at either 
end, although the capacity when at the; opposite end of 


line, and the form of the reflection is to be compared 
with that of the upper oscillogram of Fig. 7. 

Referring to Fig. 9a, the same impulse discussed in 
Fig. 8 is seen traveling away from the impulse generator 
toward the open ended line (wave No. 1). An oscillo¬ 
graph at the end of the line would have shown a volt— 
time curve such as that shown at the right (2). After 
reflection, neglecting losses and attenuation, the wave 
will be the same as the original wave and will now be 
traveling back toward the impulse generator (3). 
With the line being considered this distance is 2 X 5.77 
mi. or a time of about 62 microseconds is required for 
the original wave to return as a reflected wave. In this 
short space of time our tests have shown that the gaps 
at the impulse generator are still ionized with the re¬ 
sult that the gaps continue to spark and (if the arc 
resistance is assumed constant) we may consider the 
impulse generator as inductance and capacity and re¬ 
sistance at the end of the line. The voltage to ground 
across the impulse generator with respect to time is 
shown at the left (4). This corresponds to the reflection 
shown in the upper oscillogram of Fig. 7. This curve 
is however the sum of the reflected wave (5) from the 
impulse generator and the reflected wave from the open 
end (3). 

The wave (5) reflected from the impulse generator 
travels to the open end of the line where a reflection 
takes place as shown by (6). This may be compared 
with the reflections seen in Fig. 10. 

Thus, except for the change in capacity and voltage of 
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the impulse generator, losses and attenuation, one-half 
the sum of the two reflections a and 6 in Fig. 10 would 
give the reflection shown in Fig. 7. The reflection at the 
impulse generator results in a wave that is longer than 
the original wave. This lengthening of the wave is 
due to the storage of energy in the impulse generator 
and may also be seen in the case of either inductance 
or capacity considered in Fig. 8. 

In Figs. 8 and 9 an attempt has been made to set up 
conditions which would check the oscillograms, ap¬ 
proximately and also in such a manner as to be able to 
visualize how the reflections take place and show that 
inductance and capacity will give a form of wave similar 
to those observed. Mr. 0. Brune has calculated these 
reflected waves by the methods of the operational 
calculus and his methods are outlined in a forthcoming 
article in the General Electric Renew. He has been 



Fig. 11 —Chopped Wave-Gap Set at - 197-Kv. Crest 

able to find quite satisfactory agreement with the 
oscillograms. 

It is possible to break up the original traveling wave 
in component perpendicular waves and treat each of 
these separately, adding the results together to find the 
effect of terminal apparatus on the original wave. This 
is treated at some length by Rudenberg, 9 and Carson. 10 

It is interesting to consider the lower oscillogram of 
Fig. 7. Here the impulse generator and the oscillograph 
were at the same end of the line and a sphere-gap 
between line and ground was connected at the far end 
of the line. This condition is considered in Fig. 9b. 
Wave No. 1 is the original traveling wave, while No. 2 
is the potential time curve across the sphere-gap. 
Up to the time of sparkover the line is open-ended; 
after that it is short circuited neglecting the resistance 
of the arc. Wave No. 3 is the reflected wave which 
reaches the impulse generator. The volt-time curve 
of potential rise across the impulse generator is shown 
in wave No. 4, which corresponds to the lower oscillo¬ 
gram of Fig. 7. Wave No. 5 is the reflected traveling 
wave traveling toward the gap which is still in an 
ionized condition. Therefore no potential will appear 
across the gap and wave No. 5 will be reflected back 
with reversed polarity. 


In all the preceding discussion no account has been 
taken of losses or attenuation, which must be con¬ 
sidered in the actual case in practise. 

Chopped Waves 

Since in practise traveling waves are frequently 
cut-off by flashover of insulators, it is worth while to 
consider the effects of the line constants and apparatus 
on such waves. 

Fig. 10 shows a so-called full wave which rises to its 
crest in six to eight microseconds as determined by the 
use of a high-frequency oscillator which makes it 
possible to measure the front accurately. The wave is 
apparently affected by corona at about 80 per cent of 
its crest value. This wave is of negative polarity but 
studies will be made later with opposite polarity. Since 
the impulse generator is at the far end of the line the 
oscillogram shows the voltage rise at the station end of 
the line and thus is probably close to double the voltage 
of the traveling wave. 

In Fig. 11 all conditions were unchanged except that 
a sphere-gap was connected between line and ground at 
the impulse generator and set to spark at about the 
crest of the wave. It is interesting to note how steep the 
cut-off is and that the reflection comes back reversed 
to the station end where the oscillograph is located, 
which shows that the gap in parallel with the impulse 
generator is still ionized. The same sloping of the 
wave due to corona can be seen on the front of the 
reflected wave. When studying these oscillograms it 
should always be remembered that they represent volt¬ 
age changes at the oscillograph with respect to time. 
From them with proper interpretation the traveling 
wave can be deduced. All of the tests to be discussed 
were made with one or the other of the waves shown 
in Figs. 10 and 11 unless otherwise indicated. 

Attenuation 

The attenuation on lines is a matter of considerable 
importance in the protection of lines and station 
apparatus. If it is known, for instance, that any im¬ 
pulse having a crest voltage up to the flashover value 
of the insulator for that particular wave will be so 
attenuated in a certain distance as not to be dangerous 
to station apparatus, then storms beyond a radius 
equal to that distance from the station need not be 
considered as dangerous to station apparatus and thus 
the problem of protection becomes more definite. It 
seems to have been quite definitely shown 11 that for 
dangerous voltages the attenuation depends largely at 
least on the effect of corona. If this is true then other 
factors in addition to potential mil control the loss. 
All other factors being equal the corona loss will depend 
on the potential and for extremely steep waves perhaps 
on the wave-front. 

Tests are being made on the Turners Falls line with 
the object of determining the factors which control the 
attenuation, particularly for potentials above the 
corona voltage. The effect of wave shape, polarity. 
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maximum potential, ground wires, and other factors will 
be studied. 

Some preliminary results are available on the short 
section of line worked with up to the present time. 
Later, the whole length of line (36.7 mi.) will be used 
which will give somewhat more accurate results than 
those presented here. 

The method of making these tests was to apply at 



Fig. 12—Successive Reflections, Full Wave 

Tower 279 an impulse which reflected back and forth 
over the line which except for the small capacity of the 
oscillographic equipment and the station bus capacity was 
open at the oscillograph and closed to ground through 
the impulse generator at Tower 279. The first two 
reflections are shown in Pig. 10. The oscillogram in 
Fig. 12 shows eight of these reflections which cor- 



Fig. 13—Successive Reflections, Ciiovved Wave 

responds to a length of line of approximately 85 mi. 
In Fig. 13 are given the successive reflections with 
chopped wave similar to Fig. 11 except that the parallel 
gap was set for 156 lev. instead of the 197 kv. setting 
used in Fig. 11. 

In Fig. 14 the crest values from Figs. 12 and 13 are 
plotted to show the change in potential with each suc¬ 
cessive reflection. When discussing this method of 
studying attenuation, compared with tests on a line of 
infinite length certain inaccuracies are present which 
must be considered. In the case of the full wave, Fig. 
12, the wave form is very appreciably modified by the 
impulse generator and there is of course loss in the 


resistance of the arcs in the various gaps. It is ex¬ 
pected that in the future means will be found of getting 
the generator off the line before the reflected wave 
returns to the generator. 

In Fig. 13 the effect of the constants of the impulse 
generator do not appear in the reflection since the gap 
is kept in an ionized condition and acts as a line closed 
through a small but variable resistance. 

There is good reason to believe that chopped waves 
will attenuate faster than full waves, which is supported 
by data given in Table I discussed in a following section. 
When the results are affected by the terminal con¬ 
ditions, it is probable that only the first reflection can 
be considered. 

This method of study of attenuation is open to the 
objection not only of the effect of the terminal ap¬ 
paratus on wave form but also to the fact that the 



NUMBER OF REFLECTIONS 

Fig. 14—Curves Showing Variation in Crest Volts with 
Successive Reflection's 

a. Full wave 

b. Chopped wave 

potential may be increased at one reflection point and 
made zero at another, as is the ease in Fig. 13. This 
will result in different losses due to corona, for instance, 
which does not represent truly the travel of the wave 
along an infinite line. 

The calculated corona voltage on this line is 110-kv. 
crest, but the curves in Fig. 14 do not show any close 
correlation with this value. The ordinates given for 
the curves represent voltage at the oscillograph which 
is presumably double that on the line. With curve b 
after the first reflection the traveling wave was not 
much above the corona voltage, but at the oscillograph 
on reflection it was appreciably above the corona 
voltage which may explain the point of inflection in the 
curve at about 100 kv. For curve a increases in poten¬ 
tial took place at both ends of the line and the wave was 
modified by the constants of the impulse generator so 
that no attempt will be made to draw any conclusion. 

As the impulse generator is moved out along the line 
and successive oscillograms taken for increasing dis¬ 
tances, data bearing more directly on the attenuation 
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problem will be obtained without the complication of 
the effects of the ends. Increase in potential of the 
impulse generator above the corona voltage will aid in 
establishing the laws governing attenuation. 

Surge Impedance 

Some preliminary work has been done in an effort to 
determine the surge impedance of the line. When the 
line is closed through resistance equal to the surge 
impedance no reflection will take place. By taking 
oscillograms of the voltage across the resistance its 
value can be adjusted until the reflection disappears. 
Two such oscillograms are given in Fig. 15. Fig. 15a 
shows a positive reflection indicating that the 530 ohms 
used was too high. On the other hand Fig. 15b with 
320 ohms seems to give a negative reflection, indicating 
too low a resistance. 

This method of determining the impedance does not 
give a very accurate result but does show that the 
surge impedance lies between 320 and 530 ohms. The 



Fig. 15 —Volt-Time Curves on Water Tube Resistor Used 
in Determining Surge Impedance 

a. 530 ohms 

b. 320 ohms 

calculated value of just the middle wire alone and one 
•ground wire is 500 ohms. The effect of the other 
conductors is to lower the calculated value. The surge 
impedance may also be lowered by corona, and it is 
hoped to be able to secure data which will determine 
this point. 

Other methods which will give a better determination 
of the proper value of surge impedance are being de¬ 
veloped and will probably be described in later papers. 

With this line it will be possible to determine the 
effect of stopping the ground wire some distance from 
the station and also the effect of additional ground wires 
near the station. The magnitude of voltages and 
currents will be studied with their relation to ground 
resistance of the tower footing. Thus, it is expected 
to be able to give definite information regarding the 
benefit to be derived from additional ground wires from 
the standpoint of the effect on the surge impedance. 
It will also be possible to check the so-ealled theory of 
the short circuited secondary with regard to the effect 
of the ground wire on traveling waves. 


Induction With Other Conductors 
The induction on the top and bottom wires was 
measured with sphere-gaps with the impulse being 
applied to the middle wire. In one case with 216-kv. 
crest applied at Pittsfield, a potential of 31 kv. was 
measured between the bottom wire and ground at 
tower 279, all of the disconnects being closed at 
tower 279. 

In Table I are given the results obtained by applying 
full waves and chopped waves at tower 279 and mea¬ 
suring the voltages in the respective conductors at the 
Pittsfield end, using 25-cm. sphere-gaps. The discon¬ 
nects at tower 279 were open. 


table x 

INDUCTION ON TOP AND BOTTOM WIRES 
IMPULSE APPLIED ON THE MIDDLE WIRE 


Potential at 
Pittsfield 

Full wave 
205 kv. 
applied 

Per cent 

Chopped 
wave 186 kv. 
applied 

Per cent 

Middle wire... 

240 

1Q0 

198 

100 

Top wire. 

56 

23.4 

40 

20.2 

Bottom wire... 

45 

18.7 

29 

14.6 


No conclusions are being drawn from these results, as 
they should be considered as being preliminary, but 
they give approximate results which should be of value. 
Calculated values based on change in the electrostatic 
field assuming that the ground is at the surface of the 
earth give 23 per cent and 21 per cent for the top and 
bottom wires respectively. These values agree quite 
satisfactorily with the test results. 

It is interesting to note that the carrier wire pro¬ 
tective gaps arced-over each time an impulse was 
applied to the transmission line. 

Apparatus Characteristics 

The effect on the incoming impulse of choke coils, 
lightning arresters, bushings and transformers, out¬ 
going circuits, and the effect of station bus work is to 
be studied. The work with regard to all other appara¬ 
tus except the lightning arrester is in too preliminary a 
state to give any results in this paper. Some very 
interesting results on an oxide film arrester are available. 

Oxide Film Arrester 

Since voltages comparable with the maximum allowed 
by the line insulation of six disks were not available it 
was decided to reduce the size of the arrester to be 
tested to such a magnitude that it would have a poten¬ 
tial applied comparable with what it might get in 
service. 

The crest voltage shown in Fig. 10 for the full wave 
with the six microsecond front is 270 kv. This voltage 
represents about 25 per cent of the impulse arc-over 
of seven disks which is the normal insulation of a 
110-kv. line. Since it is desired to have the voltage 
applied to the arrester in proportion to that which the 
normal line insulation in service would permit, an 
arrester should be used having a rating equal to 25 
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per cent of 110 kv., which is approximately equivalent 
to a 25-kv. nongrounded arrester which was chosen 
for the tests. 

The oscillogram taken across the arrester is shown in 
Fig. 16, together with the wave of Fig. 10 without the 
arrester, as shown by the dotted line. The potential 
has been reduced by the arrester to 135-kv. crest and 
its duration has been greatly decreased. The voltage 
drops almost instantly to 70-kv. crest and subsequently 
decreases at a rapid rate. Therefore the arrester has 
changed a wave of dangerous potential and com¬ 
paratively long duration into one of much shorter dura¬ 
tion with a crest voltage safely below the strength of 
the parallel insulation. 

Because of the fact that the arrester has absorbed 
some of the energy of the surge the reflected voltag;e is 
materially decreased. It is interesting to note that 
the first reflection peak due to the inductance of the 
impulse generator has not been changed much except 



Pig. 10—Arrester Performance Characteristics on 
6-Microseconi> Front 

Dotted curve—Impulse at oscillograph without arrester. (See Pig. 10) 
Oscillogram—taken across 85 OF cells 


in sign but the wave after leaving the arrester was 
sufficiently reduced in energy so that it was unable to 
charge the capacity of the impulse generator to a very 
high potential. 

Oscillograms showing the arrester performance for a 
wave of steeper front are given in Fig. 17. This wave 
is obtained by shorting out the inductance coil of the 
impulse generator and it is found that the voltage at the 
oscillograph end of the line rises to a crest value of 
285 kv. in an average time of 0.5 microseconds as 
measured on the time scale of a 100,000-cyde timing 
wave. 

The potential across the arrester as shown by the 
oscillograph was 145-kv. crest. All voltages measured 
by the oscillograph were checked with the sphere-gap. 
It is felt that the two wave-fronts used in these tests 
are comparable to waves which would be found in 
practise. 

The effect of the arrester on the chopped wave of 
Fig. 11 has been determined and the characteristics 
are similar to those of Fig. 16 except that the arrester 
discharges only for the length of time that the voltage 


is impressed which is a much smaller time than in the 
case of Fig. 16. Since the front of the wave is not 
affected by chopping the tail the potential allowed by 
the arrester is the same in either case. 

Summary 

1. Theory of traveling waves is being checked 
experimentally, demonstrating the existence and magni¬ 
tude of reflections, both for open ended lines and for 
lines closed through gaps or combinations of inductance 
and capacity. A simple discussion of the theory is 
given. 

2. The effect on incoming waves of various pieces 




Pig. 17 —Arrester Performance Characteristic on 
a 0.6-Microsbcond Front 

a. Without arrester 

b. Across 85 0 F cells 

of apparatus, such as lightning arresters, choke coils, 
transformer bushings, and the effect of busses or other 
transmission lines connected to the bus are being studied. 

3. The effect of ground wires on attenuation is being 
investigated which includes the effect of additional wires 
near the station as well as the effect of stopping the 
ground wire several towers out from a station. 
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Discussion 

C. L* Fortescue: I should like to call Mr. McEachron’s at¬ 
tention to the initiating arrangement in Fig. 2. I don’t know 
whether Mr. McEachron is aware that Mr. Harrington, who died 
recently, first used that circuit, and described it, I think, in the 
Physical Review in 1926, and later on in the Electrical World . 
We ourselves did not use it in the Rankm-Wilmerding tests, but 
it has been used in laboratory tests by the Westinghouse Com¬ 
pany for some time. . 

I want to say that I think Mr. McEachron’s work is of great 
value, but I don t agree with Mr. McEachron that we can find 
out all we want to find out about lightning surges from such tests. 
There are two things we want to do: We want to find out how the 
hne behaves with traveling waves, but we also want to find out 
ow steep a surge we can get from actual lightning, what its value 
may be if it is not chopped, and how long it lasts and the rate of 
diminution from its crest value. 

Now Mr. McEachron’s waves, or for that matter any wave we 
can place on a transmission line artificially at the present time, 


will not give the attenuation for a very high lightning wave, for 
the reason that the potential of a very high lightning wave goes 
up beyond the corona point of the line, and we have no figures for 
the attenuation in such a wave due to corona. We suspect that 
it may be very great. 

I may say that we had to stop our Wilmerding-Rankin experi¬ 
ments before we got all the information we should have liked to 
have had. Last year we installed an experimental station in 
Tennessee using the new Norinder oscillograph. We have two 
locations there. This year we are extending those tests to get 
more authentic information on lightning. We are putting in 
three other cathode ray oscillograph stations. One is now in 
operation, or will be in operation in a few days. It is in Northern 
Illinois. We expect to have one in West Virginia, and another 
in New Jersey. 

In the New Jersey tests we have had the good fortune to be 
able to obtain the use of a portion of a line which is now in con¬ 
struction, a 220-kv. line, which has the highest insulation of any 
practical line that has heretofore been made. It will bo insulated 
with 18 units, and we are going to have a portable million-volt 
surge generator, and a portable cathode ray oscillograph down 
there to carry out these tests along the line that. Mr. Eaehron has 
been doing. We expect to get information on the actual value of 
the surge impedance of a transmission line, the mutual coefficients 
between the individual members of transmission lines, and we 
want to check up on surge impedance of tower footings, and so 
forth. 

In the case of tower footings we measure the ground resistance 
by various schemes, but we have no assurance that the values we 
obtain by measurement are the actual surge impedances. We 
must find that out. This quantity is an important factor in line 
protection, and by means of the surge generator and the cathode 
ray oscillograph, as Mr. McEachron has used it, we expect to be 
able to obtain much important information. 

I believe, and I have so expressed myself from time to time, 
that tests like these described by Mr. McEachron will be far more 
fruitful of real information than tests made in the laboratory with 
laboratory models. There are various factors that enter into 
the problem when using laboratory models which are generally 
ignored, but which are of vital importance. For example, 
the model may be reduced to one-hundredth the size of the cloud 
and actual transmission line, but the other dimensions are re¬ 
duced in the same proportion, and therefore the time between 
reflections is reduced to one-hundredth; so that while before you 
were dealing with quantities like two microseconds between re¬ 
flections at the tower points, now you will have to deal with 
quantities of the order of one- or two-hundredths of a micro¬ 
second. When dealing with quantities liko that, cathode ray 
oscillograph will follow, but the photographic plate may be too 
slow; consequently all those values which are of so much im¬ 
portance are masked, and you get an answer which is incomplete 
and therefore false. 

Now doing the work dn an actual line in the field, doesn’t 
entail a great deal more cost if you have a line which is in process 
of construction, and you obtain all these results unmasked. 
They are the actual facts that occur on transmission lines. 

S. M. Hamill, Jr* : I should like to ask Mr. McEachron if the 
inductive reactance or the capacitance of the oscillograph is large 
enough to consider when you compare it with the constants of the 
remainder of the circuit, or is it so small that it is negligible? 

Edward Beck: As the authors have pointed out, the way to 
investigate the behavior of transients in electrical circuits is to 
make the transients at will and then observe them at leisure with 
the proper tools. It is equally necessary to find out what kind of 
transients may occur. Probably many types of transients occur 
in service, caused by lightning. Possibly all or perhaps only a 
few of these types are hazardous to insulation. In order to deter¬ 
mine the kinds of transients which may be expected on actual 
lines, tests are necessary such as were commenced last Summer 
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ami (Inscribed before the Winter Convention of the Institute, 
particularly in the paper by Fortescue, Atherton, and Cox. 
This information augmented by data collected in such investiga¬ 
tions as described by McEacliron and Goodwin will construct a 
comprehensive picture of the lightning problem. Howover, this 
work will take time, particularly as the greater part of the burden 
must be borne by the manufacturers. The chief bcnoiiciaries of 
investigations of transient phenomena are the operators, and the 
solution of their problem could bo much accelerated if they would 
take an active interest in it. 

These investigations again indicate the invaluable aid given by 
the cathode ray oscillograph. Several years ago tests similar to 
t he ones described in this paper were carried on in Germany and 
described by Binder. The cathode ray oscillograph was not then 
available ami the determination of wave shape was exceedingly 
laborious and left considerable chance for uncertainties. Tho 
oscillograph opened up the possibilities of thorough investigation 
or these transients. 

The authors state in the beginning of their paper that they 
believe that it records the first application of impulses to an 
m' til a! high-voltage trausi nission lino. Because of the importance 
of this work and the comprehensive way in which it is being ear¬ 
ned out, it will not detract in the least from its value to call at¬ 
tention to the earlier investigations which have boon earned 
out along these lines. Besides the German work already men¬ 
tioned, the Wostinghouso Company undertook similar work 
on a 25-lcv. line borrowed from the Duquesno Light Company in 
Pittsburgh in 1920. This work has been mentioned in the paper 
by Fortescue, Atherton, and Cox, already referred to, and is de¬ 
scribed in detail, showing oscillograms socured, by A. M. Opsahl 
in tho March 20, 1929 issue of the Electrical World . In this 
investigation tho behavior of artificial transients in a lino 4.7 
mi. long was studiod, tho effect of protective equipment including 
choke coils, determined, and the surge impedance of the overhead 
line accurately measured. Unfortunately this work had to bo 
abandoned because tho use of the line was required by the 
Duquesno Light, but tho investigation begun in a preliminary 
way on the so-called Rankin-Wilmording line in 1927 will be 
carried further on a larger scale during the coming Summer. 

W. L. Everitts This study of traveling waves is a very good 
one, and a method that is going to grow in the analysis of trans¬ 
mission lines. It seems to me that some of tho methods which 
the communication engineer has developed for studying the 
action of the lines may well be applied to those transients upon 
transmission lines. 

J wonder if any study lias ever been made in predicting those 
wave forms by measuring the effects ovor a wide band of fre¬ 
quencies, and then trying to relate them to these different wave 
forms? A steep wave form, of course, means high frequencies 
are present with a definite phase relation, and with high frequency 
wo have higher attenuation than we do at low frequency and a 
variation in their velocity, and therefore one would expect a 


steep wave front to be gradually reduced as it passes along the line. 

K. B. McEachron: I think it is clear from the paper that we 
recognize two problems. One problem is the determination of 
what lightning is and what kinds of waves may appear as a 
result of lightning, and the other is the determination of what 
these waves may do after they get on the line, which is the part 
of the problem we are investigating. Both problems must be 
solved. 

At the present time in the Pittsfield laboratory, apparatus is 
set up to catch lightning on the transmission line, and find out 
what it looks like, and these other laboratories which have been 
set up are arranged to do exactly the same thing, but we felt that 
while waiting for lightning storms, which might occur infre¬ 
quently, we might just as well be busy studying the effect of 
surges on the apparatus and on the lines. 

With regard to the application of voltages above corona limit, 
the corona limit on the particular transmission line which we are 
studying is 110 kv. We applied 400 kv. We have at the present 
moment a million-volt generator, which is entirely portable, 
which will go very much above the corona limit. 

It is interesting to note that three or four years ago a million- 
volt generator would have required a building much larger than 
this room. To-day we have a million-volt generator on a truck 
18 ft. long and 7 or 8 ft. wide, truly portable. I am glad to give 
credit to Mr. Harrington for the publication of a circuit similar 
to tho one shown in Fig. 2, as pointed out by Mr. Fortescue. 
The circuit shown in the paper was developed prior to the 
publication of Mr. Harrington’s work. 

The disturbing effect of the cathode ray oscillograph depends 
on the potentiometer used. The capacitance used is generally 
small and the disturbing effect not great. 

As a result of going from section to section telling this lightning 
story, I find that the average engineer must have this material 
explained to him very carefully, or it is not understood, not be¬ 
cause it is so difficult, but because it is something with which he 
is unfamiliar. This paper was therefore written in an effort to 
make tho subject as understandable as possible to all. 

Concerning the use of frequency bands, it is fundamental, I 
should say as a rule in research work, to set up as nearly as 
possible tho actual situation which you want to study. It is 
true that we might apply to this line or other similar lines 
certain frequency bands and obtain certain results. That would 
give us information, but with regard to the major problem the use 
of high-voltago transients seems to be about the best method of 

attack. . . . 

I think the reason why the engineer puts transients m one class 
and 60-cyclo phenomena in another, is because he has dealt with 
60-cycle phenomena all his life and ho is familiar with having the 
same voltage and the same current her© as he has a mile away, 
but when dealing with transients, a new conception is necessary, 
since the potential may be zero and 100 kv. at points only 20 ft. 
apart in the conductor. 
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Synopsis.—This paper presents in brief review the development apparatus as a result of experience, some of the problems that have 
of the automatic network system in the seven years since its intro- ■been faced in the application of the system, and finally the lines 
duction. It covers the interesting features of design found in the along which thought is now being directed in the future development 
different systems, the changes that have been made in the design of the of the system. 


T HERE has been a great deal written in recent 
years in regard to the a-c. low-voltage network 
type of distribution system. The various require¬ 
ments which caused such a system to be evolved, the 
fundamental principles of the design and operation of 
such a system, and the equipment used in it have been 
described in various technical papers. It is felt, how¬ 
ever, that it would be interesting at this time to review 
the growth of the network system and to observe what 
developments have occurred in its design and to point 
out what changes have been made in the apparatus 
used as a result of the experience gained and in order to 
meet the requirements of various types of systems. 

Prior to 1920 several attempts had been made to 
increase the reliability of the a-c. distribution system 
by connecting together the low-voltage sides of the 
distribution transformers. Fuses were generally used 
as the means of protection for clearing feeder and 
transformer faults. These fuses had several dis¬ 
advantages and a more reliable method of protection was 
very desirable. The first improvement was made by 
the Puget Sound Power and Light Co. in Seattle, 3 which 
established a system having the distribution trans¬ 
formers connected to a common secondary through 
subway oil circuit breakers. These were equipped with 
relays which caused them to open only on a definite • 
current flow in the reverse direction. The breakers 
were designed only for hand redosing. 

The Automatic Secondary Network System 
At the time when this system was being installed, 
the United Electric Light & Power Co. was working 
on the development of what is now commonly called 
the automatic secondary network system. In this 
system the energy is supplied through high voltage 
feeders and is stepped down to the service voltage 
through what are now called network transformers. 
A large nu mber of transformers is connected solidly 


to each feeder without any protective device. The low 
voltage side of each of these transformers is tied to the 
secondary cable mesh through a special circuit breaker 
called a network protector. 

The secondary cables are tied together at every 
convenient point to form a solid network and service 
mains for consumers are taken from the mesh at satis¬ 
factory locations. A single-line diagram of such a 
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Fia. 1 —Diagram op Small Automatic Secondary Network 
System Supplied by Three Interlaced Radial Feeders 

system supplied by three interlaced radial feeders is 
shown in Fig. 1. 


1. General Engineer, Westinghouse Eleetrie & Manv 
facturmg Co., East Pittsburgh, Pa. 

2. General Engineer, Westinghouse Electric & Manufacture 
Oo., St. Louis, Mo. 

. 3 i “ Me ^ s of A - c * Underground Distribution,” M. T. Craw 
ford, Elec. World, Dee. 23,1922. 

Presented at the Regional Meeting of the South West Distrii 
No. 7 of the A. I. E. E., Dallas, Texas, May 7-9, 1999. 


In the United Company's system and in most others 
a common secondary network is used to supply both 
power and light. The transformers are connected in 
star on the low voltage side and have the neutral 
points solidly grounded and carried out as the fourth 
wire of a three-phase, four-wire system. Single-phase 
loads can then be connected between any phase wire 
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and ground while three-phase loads are supplied from 
the outside or phase wires. 

No protection of any kind is installed for a fault 
in the secondary cables and trouble of this nature is 
depended upon to burn clear. In case of a fault on any 
feeder or any transformer the feeder breaker at the 
substation opens. At the same time all transformers 
tied to the faulty feeder are automatically disconnected 
from the secondary network. This is accomplished 
by the opening of the corresponding network protectors 
which open when the current flows through them in the 
reverse direction. The faulty feeder with its trans- 
formers thereby is completely isolated from the 
remainder of the system. The system will continue to 
operate, receiving energy from the other feeders. It is 
so designed that no part will be overloaded when one 
feeder is out of service. 

In order to simplify the operation of the system the 
network protectors are designed to reclose automatically 
as soon as the fault is removed and the feeder is ener¬ 
gized from the station. To make the control from the 
station complete the relays are made sensitive enough 
to cause the protectors to open when only the magnetiz¬ 
ing current of the transformers flows through them in 
the reverse direction. This means that all of the 
protectors on a feeder can be opened by simply opening 
the feeder breaker at the station and can be reclosed 
by closing the station breaker and adjusting the voltage 
on the feeder so that it is slightly higher than and ap¬ 
proximately in phase with the voltage oh the network. 

After ten years of study and experimental work the 
United Electric Light & Power Co. installed the first 
system of this type in the up-town district of New York 
City in 1922. 4 The principle of operation was entirely 
new and the equipment which made it possible had to 
be developed. It is interesting, therefore, to notewhat 
changes seven years of operating experience have 
brought about. 

In this country 22 companies now have a system of 
this type in operation, 6 are installing such systems, 5 
have decided upon it, and it is being given serious 
consideration in at least 20 other localities. The net¬ 
work has been introduced in four foreign cities, one 
in Cuba, one in Mexico, and two in South America, 
and is being seriously considered by one otlier South 
American and one European city. In all of these 
systems the fundamental principles of the original 
design have been retained but the details of the layout 
have naturally been adapted to meet local conditions. 

Features of Various Systems 

All of the companies operating or installing an auto¬ 
matic network system, with one exception, have fol¬ 
lowed the original plan of using the same secondary 
mains to supply both power and lighting loads. In the 
Dallas system, polyphase loads are supplied from a 
three-phase, three-wire secondary mesh while the 

4. Underground A-C. Network Distribution for Central Station 
Systems, A. H. Kehoe, A. I. E. E. J ouknal, June 1924, p. 844. 


lighting and other loads are supplied from an entirely 
independent three-phase, four-wire secondary grid of 
cables. 8 These secondary networks are connected to 
different taps on the same step-down transformer 
banks which are star connected on the low voltage side. 
The ties from the transformer to each network are 
through separate network protectors. 

Practically all of the companies in this country 
that have installed an automatic network system have 
adopted the star connection on the low-voltage side 
of the network transformers. The Puget Sound 
Power & Light Co. in changing over from the original 
system to the full automatic system have still retained 
the delta connection. In order to balance the loads 
on the different phases of the feeders the secondary 
system is divided into sections and the lighting load 
in each section is supplied from a different phase with 
its mid-point grounded. The only other exception to 
the star connected secondary is in the system of the 
New York Edison Company which retained the two- 
phase system which it had in operation and established a 
two-phase, five-wire secondary network. It is planned 
to change this over gradually to a three-phase four- 
wire system. 

All but one of the systems now in operation use 
radial feeders. Two systems started operation with a 
loop feeder arrangement but have since adopted the 
radial type. The outstanding advantage of the radial 
feeder is that no high-voltage sectionalizing devices 
are required on it. 

Over 80 per cent of the network systems now in 
operation in this country are supplied by feeders that 
come in either the 13.2-kv. or the 4-kv. class and there 
is just about an even division in the number of systems 
employing each of these two voltages. One company 
is operating a network supplied by 27-kv. feeders. 
Practically every standard size of cable between No. 2 
and 500,000 cir. mils is used in the feeders of the dif¬ 
ferent systems but the 4/0 and 300,000 cir. mil sizes 
stand out as the most popular. Most companies using 
large size feeders taper them down to smaller sizes in 
the laterals which connect to the distribution trans¬ 
formers. The 2/0 cable size is by far the most com¬ 
monly used for this purpose. 

The size of cable used to make up the secondary mesh 
of systems now operating varies from 4/0 up to 500,000 
cir. mils. The 500,000-cir. mil size is being used in 
about half of the systems in this country. 

A great deal of thought has been given to the question 
of secondary cable sizes, particularly with respect to 
burning faults clear. Operating experience and tests 
have shown that for sizes up to and including 500,000 
cir. mils any type of fault that may develop on three 
single-conductor cables drawn into the same duct or 
on one three-conductor cable will bum clear if enough 
current is available at the point of fault. Very 

5. “Standard Voltage A-C. Network,” John Oram, Elec. 
World, September 1, 1928. 
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little is known for larger cable sizes. A few systems 
are using or are considering the use of two sets of cables 
of a smaller size in parallel instead of one set of 500,000 
cir. mil size. The purpose is to reduce the time re¬ 
quired to clear a very serious fault. However, most 
companies do not consider this arrangement necessary. 

Three-conductor cable is used for the primary feeders 
on almost all of the systems. Two of those companies 
that are using three-conductor feeder cables change 
these to single-conductor cables before they reach the 
points at which the network transformers are con¬ 
nected. Single-conductor cable is used to form the 
secondary mesh of all systems with the exception of one 
in which three-conductor cable is used and one in 
which four-conductor cable is found. Single-conductor 
cable is popular because it minimizes the likelihood 
of copper-to-copper faults and it is easier to work on it 
while it is energized. 

The most common practise up to the present time has 
been to use a solid secondary system with the con¬ 
nections from each network protector tied solidly to it. 
A few companies have, however, used sectionalizing 
boxes so arranged that it would be possible to divide 



Pig. 2—Network Protector with Control Panel Closed 

the secondary mesh were it found necessary to do so. 
The use of fuses other than those for back-up protection 
in the network protectors has been avoided by most 
systems. One company has, however, installed fuses 
at the end of each street main to facilitate isolating 
a fault. Besides the cost of installing and maintaining 
the fuse boxes this scheme has the disadvantage that 
when a fault develops in a cable it is probable that the 
fuses on each end of this cable will blow and a block of 
load will be dropped. Without the fuses the trouble 
would have cleared at the point of fault and unless this 
happened to be at a point from which a service was 
taken off no load would have been lost. 

Relatively little use has been made of service boxes in 
the systems now in operation, the common practise 
being to splice customer service cables directly to the 
secondary network cables in the service manholes. 

In the construction of .transformer manholes, the 


question presents itself as to whether a fire wall should 
be used between the transformer and network pro¬ 
tector. The arguments in favor of the use of a fire 
wall are that in case of a transformer failure followed 
by an oil fire there is no danger of this damaging the 
network protector and the cables between the protector 
and the street mains and possibly causing a number of 
secondary faults. The increased cost of construction 
is alone responsible for the fact that the fire wall ar¬ 
rangement is not more generally used at present. One 
system has, however, gone to the exact opposite con¬ 
struction by mounting the protectors directly on the 
side of the transformers. 

It is almost universal practise in subway construction 
to use only one cable per phase between the transformer 
and the protector. The use of more than one cable 
per phase would increase the number of wiped joints 
needed to bring these cables into the apparatus and 
would be virtually impossible of accomplishment with 
the present size and design of standard equipment. 
As a result the size of cable required between the popular 
300-kv-a. transformer and 1200-ampere protector is 
1,000,000 cir. mils. This cable is on the low-voltage 
side of the transformer and should it develop a fault 
the network protector will open but it is probable that 
the feeder switch at the station will not-open. This 
section of cable is, therefore, a part of the secondary 
and since it consists of a size on which a serious fault 
will probably not bum clear every precaution should 
be taken to prevent such a fault from developing. One 
company is using cable with only weather-proof in¬ 
sulation for the connection between the transformer and 
protector even in manholes that are subject to flooding. 
The cable is carried along the side wall of the vault and 
is held in place by porcelain cleats. Since the cables 
for each phase are spaced about a foot apart there is 
little danger of a phase to phase fault and the elimina¬ 
tion of the lead sheath prevents a fault between it and 
the copper. The transformers and protectors are 
equipped with porcelain bushings. In order to insure 
a water-tight seal at the points where the cables enter 
the equipment, a soldered joint between porcelain-and 
metal is made by a recently developed process. This 
same arrangement is being used in some of the vaults of 
a .network now being installed in the South and it is 
being given serious consideration by another company. 

Those companies that are using three-phase trans¬ 
formers in manholes under the sidewalk, design the 
manhole so that two pavement slabs may be removed to 
form a hatchway through which the transformer may be 
lowered into place. The slabs are normally calked in 
place with pitch and the usual entrance to the manhole 
is through a round manhole opening. 

Network Protectors 

The piece of apparatus that has made the automatic 
network system possible is the network protector. 
Though there was no extensive experience on which to 
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base the orignal design, it is worthy of note that with 
only minor modifications it has stood the test of service 
for a period of five years. During this period the 
protectors on one system were called upon to open or 
close a total of more than 200,000 times and the number 
of times that they failed to function properly amounted 
to less than four-tenths of one per cent. It should be 
remembered that in most of the opening operations 
included in the above the protector was functioning 
on the reverse magnetizing current of the transformers. 
The reports on the operation of the switches on other 
large network systems show even better results. 

About a year and a half ago it was decided to make a 
complete redesign. A new network protector was 
brought out which retained all of the operating 
principles of the original unit but had incorporated 
in it the features that five years' experience had shown 
to be desirable. Two views of this type of protector 
mounted in a subway housing are shown in Fig. 2 
and Fig. 3. 

In the first place the arrangement of the equipment 
inside the protector was changed so that it became 
square in shape and then by replacing the sharp corners 
of the housing by flat portions the size became such as 
to require the minimum diameter manhole opening for 
installation. For sizes up to 1200 amperes the present 
design of network protector will pass through a 30-in. 
manhole opening. In keeping with the trend to struc¬ 
tural construction, the new type of housing is made of 
3/16-in. sheet steel with welded joints in place of the cast 
iron and aluminum housing that was formerly used. 
The housing is divided into two equal parts and the 
front half or cover is arranged so that it can be hinged 
to the base on either side, giving the maximum flexi¬ 
bility in the location of the protector in the manhole. 
By making the cover of the housing the same size as 
the base a large part of the protector is exposed when 
the cover is swung open which facilitates inspection and 
repair work. 

Slate has been replaced by ebony asbestos as the 
material used in the main panel in order to reduce the 
possibility of breakage. The three main poles of the 
breaker are mounted on one side of the panel and the 
operating mechanism is mounted on the other side. 

The circuit breaker type of construction was retained 
because of the good service that it had given in the 
first type of protector. A rather novel arrangement 
was adopted, however, by means of which the moving 
contact is made an integral part of the main copper bus 
and is simply laminated to give the needed flexibility. 
Both the stationary and moving main contacts are 
supplied with silver plates to reduce the contact drop. 
The arcing contacts are made of copper to avoid break¬ 
age of the carbon. 

The advantages of a motor-operated closing mecha¬ 
nism over a solenoid type in the reduction of the jarring 
at the time of closing, the reduction of the current re¬ 
quired to perform the operation and the consequent 
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reduction in the size of the device required to break 
this current had been appreciated for some time. This 
type of device was not used on the original unit, how¬ 
ever, because of the lack of a suitable low speed motor 
mechanism including a trip-free feature to permit 
the protector to open at any time without retardation 
due to the action of revolving flyballs. Such a mecha¬ 
nism was developed and the motor was adopted as the 
standard closing device in the new protector. 

The action of the motor is transmitted to the breaker 
through a system of levers which has been so designed 
that the breaker is locked closed by the action of a 
toggle joint being drawn over center. As a result of 
this, no latching triggers are in motion while the 
breaker is closing and the danger of the breaker failing 
to remain closed is minimized. The only latch used 
in the entire design is in connection with the tripping 
mechanism and since this is not called upon to act at 
the end of the closing operation particular care may be 



Pio. 3 —Network Protector with Control Panel Swuno 

Open 

taken to design it for its particular purpose of rel easi ng 
the toggle joint. 

The original network protectors were designed with 
an undervoltage type of tripping device which had the 
advantage that the opening of the protector was a 
mechanical action and no energy was required at the 
time of tripping. The undervoltage trip gave splendid 
service on those systems where voltage conditions were 
steady but had the serious disadvantage that it caused 
excessive operation of the protectors on those systems 
which were subject to frequent disturbances of such a 
nature as to cause the voltage to drop to less than 30 
per cent. The shunt trip device is more positive in 
that it does not cause the protector to open until energy 
is supplied to it by the action of the master relay. 
This same feature forms the disadvantage of the shunt 
trip for use in a network protector where the only 
energy available for tripping is from the system itself. 
If a fault were to develop in the transformer the only 
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voltage that could be impressed across the shunt trip 
coil would be the voltage drop from the protector to the 
point of fault plus the drop due to the fault resistance. 
The shunt trip device was adopted as the standard 
in the new protector but only after the design of the 
entire mechanism was made such that as little as 15 
volts impressed across the shunt trip coil will supply the 
energy required to cause positive operation. It is not 
likely that a condition will ever present itself where 
less than 15 volts will be available for tripping. 

One of the biggest problems confronting those who 
designed the first network protector was the develop¬ 
ment of a type of relay in which could be centered the 
entire control of the protector. The satisfactory 
manner in which this design was worked out is shown 
by opera ting records which indicate that only about 25 
per cent of the very small amount of trouble experienced 
with the original protectors can be charged against the 
relays. It is true, however, that the design was rather 
complicated and in redesigning the foremost purpose 
was to simplify and at the same time retain and improve 
the operating characteristics. 

A three-phase relay was developed to take the place 
of the three single-phase relays that were formerly used. 
The three-phase relay has decidedly better closing 
characteristics than the single-phase type in that it 
will allow the unit to close in case of a heavy load on 
one or two phases even though the third phase may be 
very lightly loaded. The three-phase relay also gives 
somewhat better performance under certain secondary 
fault conditions. 

The detailed design of the three-phase master relay 
represents a decided simplification. It has three elec¬ 
tromagnets acting on two disks fastened to a common 
shaft and each electromagnet is equipped with a poten¬ 
tial, phasing, and current circuit. A single-pole, double¬ 
throw contact arrangement has been adopted which 


wire resistor, fixed resistor, and auxiliary contactor 
which were required in the first network protector 
relays. A view of the three-phase relay is shown in 
Fig. 4. 

There are system conditions under which pumping, 
that is, • periodic opening and closing of the network 
protector, might result with a three-phase relay as well 
as with the three single-phase relays. These conditions 
may be caused by the use of three-phase feeder regu¬ 
lators or single-phase induction regulators connected 
in delta. The pumping may also be caused by dif¬ 
ferences in the time of opening of the various protectors 
on a feeder, the charging current of which is con¬ 
siderably higher than the magnetizing current. To 
prevent pumping under any of these conditions a 
single-phase relay known as a phasing relay is supplied 



makes it possible to control either a shunt or an under¬ 
voltage tripping arrangement. A new and considerably 
simplified means of adjusting the relay to close its 
tripping contact on the desired value of reverse current 
has been introduced in the new three-phase relay. It 
consists -of a straight spring which is fastened to the 
moving contact support. As the moving contact 
approaches the stationary “trip” contact the spring 
comes in contact with an adjustable stop screw and 
the force acting to close the contacts must be sufficient 
to overcome the action of this spring. By adjusting 
the distance through which the contact must travel 
against the action of the spring, the value of reverse 
current required to dose it may be adjusted. 

The current coils of the master relay are supplied by 
saturating current transformers instead of the reactive 
shunts that were formerly used. This change, to¬ 
gether with the others mentioned above, has made it 
possible to design a relay having wattmeter tripping 
and approximately wattmeter dosing characteristics 
and still eliminates the holding coil, adjustable slide 


Pig. 4—Three-Phase Network Relay (Glass Cover and 
Terminal Chamber Covers Removed) 

along with the three-phase master relay. In construc¬ 
tion it is similar to one element of the master relay, 
differing from it in that it has only a phasing coil and 
potential coil and has a single throw contact arrange¬ 
ment. The contact of the phasing relay is in series with 
the closing contact of the master rday and both must 
be closed before automatic closing of the protector is 
initiated. When acting along with the master relay 
the phasing relay prevents the protector from dosing 
under any conditions where.the current that would flow 
after closing might cause the protector to reopen again 
and thereby absolutely prevents pumping action. 

The entire design of the new protector has been 
worked out on the basis of maximum accessibility for 
maintenance and repairs. In the first place everything 
is mounted on the front of the panel and the entire 
protector has been built up on the unit principle. 
Any pole of the breaker may be removed as a unit, the 
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operating mechanism may be taken off as one piece 
without disturbing the rest of the apparatus and the 
tripping device may be removed as a unit. The relays 
and auxiliary control apparatus are mounted on a 
hinged steel panel in front of the main apparatus and all 
control leads are brought to a terminal block on this 
panel through special flexible wire. As a result this 
control panel can be readily removed and replaced. 
The method of connection is shown in Fig. 3. The 
terminal block of the relay is so arranged that the same 
set of terminal screws makes the electrical circuits to the 
various coils in the relay and connects the relay mechan¬ 
ically to the panel. If the terminal screw for any 
particular circuit in the relay is opened this circuit is 
broken and may be tested without removing the relay 
from the panel. This terminal arrangement is shown 
clearly in Fig. 4. The subway housing is equipped with 
two non-shatterable glass windows and directly inside 
one of these is mounted an operation counter and a 
position indicator while with the aid of a flashlight the 
fuses and breaker contacts may be observed through the 
other. Means are provided for electrically isolating 
the protector without removing the cables but should it 
be necessary to remove the cables it is possible to do so 
without breaking the wiped joint and special insulating 
sleeves have been provided to prevent grounding the 
energized cables against the housing during the opera¬ 
tion of removing them. All of the control wiring has 
been so arranged that it can be easily traced. 

Network Transformers 

In the first network systems installed the trans¬ 
formers used were of the same standard type as those 
on the radial systems. Since that time, however, it 
has been found desirable to incorporate other features 
so that there has developed what is commonly called a 
network transformer particularly designed for service 
oh this type of system. 

Since the design of a network system is made up in 
such a way that a complete feeder may be taken out of 
service without overloading the remainder of the system 
under peak load conditions, one of the most important 
objections to three-phase transformers is removed 
because it is never necessary to operate a bank in open 
delta or to make a hurried replacement of a transformer 
that has failed in order to maintain service. The 
advantages of the three-phase transformer over three 
single-phase units are that it is somewhat cheaper in 
first cost, gives lower losses, takes up less space in the 
vault, gives a better vault layout in respect to the 
location of cables and such features, and has some ad¬ 
vantages in respect to the mounting of auxiliary ap¬ 
paratus as will be brought out later. It is true, of 
course, that an opening must be provided in the vault 
of sufficient size to permit bringing in the transformer 
and the handling of the larger size unit is considerably 
more difficult than for the smaller single-phase 
transformers. 


Although only one-third of the companies operating 
or installing network systems have thus far decided to 
use any three-phase network transformers, still this 
number is continually increasing and there is a definite 
trend toward the use of this type, particularly in those 
systems where new transformer manholes are being 
built and it is a relatively easy matter to provide the 
larger opening required. 

The feeders supplying the average network system are 
interlaced and, therefore, supply transformers located 
at widely scattered parts of the area networked. It is 
possible for someone to close in manually a protector 
located at a point on the feeder remote from that on 
which a man is working and thereby to connect the 
feeder to the network. It is, therefore, considered 
desirable to locate at each transformer bank some 
device for grounding the feeder which supplies it. A 
man working on the feeder cable or any of the high- 
voltage apparatus connected to it can then make sure 
that the feeder is grounded in the immediate neighbor¬ 
hood of the section on which he is working. The first 
device brought out for this purpose consisted of a small 
switch mounted' inside the transformer and equipped 
with an operating handle which extended through a 
stuffing box to the outside of the transformer tank. 
This switch was provided with an electrical interlock to 
prevent the possibility of its being thrown to the 
ground position with the feeder energized. 

As operating experience grew it was found that it 
would be desirable to have some means of disconnecting 
each transformer from its feeder as an aid to testing 
and in order to keep any transformer out of service 
because of failure or for any other reason without 
keeping an entire feeder deenergized. This required 
some type of disconnecting device suitable for opening 
the circuit only when deenergized. In the first piece 
of equipment brought out for the purpose the dis¬ 
connecting feature was incorporated in the grounding 
switch and made suitable for mounting inside the trans¬ 
former. It was generally felt, however, that such a 
switch was too complicated for mounting inside the 
transformer, particularly for the higher voltages where 
considerable clearance is required, and for this reason 
a switch was designed for mounting on the outside of 
the transformer. The electrical interlock was retained 
as the means for preventing the feeder’s being grounded 
while energized and in addition to this a me chanical 
device was arranged on the operating handle of the 
switch in order to insure still further against incorrect 
operation. Let it be assumed that the switch has been 
thrown over to the disconnect position and that while in 
this position the feeder breaker at the station has been 
energized. Since the electrical interlock derives its 
energy from the low voltage side of the transformer, it 
is ineffective when the switch is in the disconnect 
position and there is nothing to prevent the switch 
being thrown to ground even though the feeder is 
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energized. To minimize the possibility of trouble 
from this source the mechanical interlock or sequence 
controller on the operating handle of the switch was so 
designed as to make it necessary to return to the 
transformer position from the open position before it is 
possible to throw the switch over to ground the feeder. 
Should the feeder be energized the electrical interlock 
becomes effective as soon as the switch is thrownjto the 



Pig. 5—Theee-Phase Network Transformer Equipped with 
Grounding and Disconnecting Switch 


transformer. The switch itself is oil filled and is ar¬ 
ranged with compound filled terminal chambers at the 
top and bottom. The three-conductor feeder cable is 
brought into the top terminal chamber while the two 
cables from each single-phase transformer are brought 
into the other. The delta connection of the phases is 
closed in this chamber and three leads are brought 
from it up to the switch itself. A view of this switch 
with the front plates removed is shown in Fig. 6. 

In all types used thus far the high-voltage grounding 
and disconnecting switch is oil filled. • In the first type 
mounted on the outside of the transformer tank the 
common practise was to mount directly below it a 
compound filled terminal chamber to prevent oil siphon¬ 
ing through the insulation of the cable. The most 
recent development has been to replace this by a special 
compound filled pothead wiping bushing such as that 
shown in Fig. 5. 

Tap changers which may be operated by handles 
brought through the cover of the tank are supplied 
in network transformers. It has been found desirable 
in service to have some control of the ratio of the step- 
down transformers and the tap changer has been 
adopted as the simplest means of accomplishing this 
with the transformer disconnected from the circuit. 

One of the important questions that presents itself 
to any company designing a network system is the value 


transformer position and prevents the final operation 
to ground. 

In a three-phase transformer all connections between 
the phases are made inside the tank and it is only neces¬ 
sary to bring out the three-phase leads. It is very 
desirable to bring these leads out through a terminal 
chamber so as to make it unnecessary to get inside the 
tank to connect or disconnect the transformer. By 
increasing the size of this terminal chamber it makes a 
convenient place in which to mount a three-pole switch 
having the features described. A three-pole, three- 
position switch mounted in the high-voltage terminal 
chamber is shown in Fig. 5. 

In the case of single-phase transformers the ad¬ 
vantages of mounting the switches in the terminal 
chambers still exist but a somewhat more difficult 
problem presents itself since it is necessary to mount a 
two-pole switch on each single-phase unit. Such a 
switch increases the dimensions of the transformer a 
considerable amount and the design is, therefore, made 
such that the entire terminal chamber may be removed 
from the transformer while it is being installed. How¬ 
ever, the taking off and replacing of these chambers 
does involve a considerable amount of work. 

The San Antonio Public Service Co. decided on the 
use of single-phase transformers in the network system 
that is now being installed and rather than use a 
separate switch on each transformer adopted the plan 
of using a three-pole switch having all of the features 
previously described but mounted apart from the 



Fig. 6—Separately Mounted Grounding and Disconnecting 

Switch 

of reactance that should be used in the network trans¬ 
formers. The problem is fundamentally one of the 
operation of transformers in parallel having in mind 
that in general the more fully the transformers share the 
loads on the system the more satisfactory will be the 
operation. The higher the impedance of the trans¬ 
formers, as compared to the impedance of the secondary 
tie cables, the better will be the load division. Since 
a network is designed so that any feeder and all of 
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the transformers connected to it may be taken out of 
service and left out indefinitely, it is rather important 
that the remaining transformers share the extra load 
as much as possible. Besides improving the load 
division the high reactance also has the advantage of 
reducing circulating currents between feeders which in 
turn leads to more stable operation of the network 
protectors, particularly under light load conditions. 
These two considerations have caused thelargemajority 
of companies operating network systems to adopt the 
policy of using ten per cent impedance at the trans¬ 
former banks. 

The disadvantage of the higher reactance is that it 
increases the voltage drop. This is not as serious as 
it might appear to be on first thought, however, be¬ 
cause the power factor of the network load is high at the 
time of full load when the drop is important and the 
drop caused by the current flowing through the re¬ 
actance of the transformer is very nearly at right angles 
to the network voltage. In the average system the 
drop in voltage due to the addition of 5 per cent re¬ 
actance will not be more than 1 per cent. However, 
the possibility of motor starting currents causing flick¬ 
ering of lights is increased. 

If a company decides to use transformers having ten 
per cent impedance the next problem is to determine 
the most satisfactory manner in which to obtain the 
increased value. There are three methods that have 
been used up to the present time. The first method is 
to have the increased reactance built into the inherent 
design of the transformer by coil spacing and grouping. 
In the second method the increased value is obtained 
by the use of shunt iron paths in the transformer. 
As a third means transformers having standard re¬ 
actance may be used and this can be raised to any 
desired value of the addition of small reactors in the 
cables coming out from the transformer. 

Each of the three methods mentioned has certain 
advantages. Both the type of transformer having the 
ten per cent reactance as an inherent part of its design 
and that obtaining the increased reactance by means of 
a shunt iron path are self contained units while the third, 
or the method for which external reactors are required, 
has two distinct pieces of equipment. This means that 
the first two types give a unit that is somewhat simpler 
to install and this is particularly true in view of the 
fact that it is necessary to break the lead sheath of the 
cables over which the external reactors are slipped. 
Both of the first two have the important limitation, 
however, that the reactance is a fixed value and cannot 
be changed, while it is a relatively simple matter to 
change the reactance of the third type using external 
reactors. If the question were settled as to what is the 
most satisfactory transformer reactance to use in a 
network system and it was known that ten per cent 
at each bank represented the ideal condition, then this 
point would not be an important one, but this is far 


from being the case and it now appears that the con¬ 
ditions prevailing on each system and the design of the 
system will have a decided influence on the choice of 
transformer reactance. The feature of being able to 
change the reactance is also found of value in shifting 
load between banks if, for example, it is found that one 
transformer is carrying an overload with a feeder out 
of service while those around it are not carrying full 
load. 

The type of transformer that has an inherent re¬ 
actance of ten per cent maintains this reactance under 
short circuit conditions. In other words there is no 
saturation effect and the impedance drop of the unit 
when plotted against load forms approximately a 
straight line. In either of the other two methods, the 
shunt iron path or the external reactors saturate at 
about double normal load and have little effect at the 
time of short circuit. It must be remembered that 
the chief functions of the increased reactance are to 
improve load division and to reduce circulating currents. 
It is felt that for a system having the average load 
densities it is an advantage to have the added reactance 
saturate at the time of a short circuit in the secondary 
system so as to increase the current flowing into the 
fault and to facilitate burning it clear in the shortest 
amount of time. It may be that in systems having 
exceptionally high load densities the currents that could 
flow might reach such values as to prove destructive 
to cables, in which case the current limiting feature of 
the first design would prove advantageous. 

Taking all factors into consideration it would appear 
that the use of transformers having not more than five 
per cent inherent reactance, with any additional amount 
desired obtained by means of external reactors, is the 
most satisfactory arrangement for the system having 
usual load densities. 

Fig. 7 shows the low voltage side of a single-phase 
network transformer. A rather convenient method of 
mounting the external reactors is illustrated. These 
reactors also have applications elsewhere on the system. 
For example, it is rather common practise where two 
transformers are located in the same vault to install 
reactors on the cable bus joining these two transformers 
and to make these of such a size that they will introduce 
an impedance which is approximately equal to the 
impedance of the usual cable tie between banks located 
in different vaults. This improves the loading of the 
remaining transformer when one bank in the vault is 
taken out of service and also minimizes the possibility 
of trouble due to circulating currents. If the customer’s 
load is split in such a way that the motor load is largely 
on one bank with the lighting load on the other, the 
reactor between the two will reduee the effect of motor 
starting on the lighting. 

Problems op Design and Operation 

The highest tribute, that can be paid to the network 
system is that it has given the performance expected 
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of it by the companies that have installed it. There 
have been problems encountered and a review of some 
of these is of interest. 

With the combined light and power system using the 
star connection it is impossible to supply the now 
commonly accepted standard voltages for both power 
and light. If the voltage to neutral is chosen as 115, 
then only 199 volts will be available between phases 
while with 120 volts from line to neutral 208 volts exist 
between phase wires. A large amount of discussion 
has been devoted to the relative merits of these two 
combinations and up to the present no definite decision 
has been reached. A few fundamental ideas seem to be 
crystallizing, however, which may point to the future 
trend. In the first place it is being rather generally 



Pig. 7—Single-Phase Network Transformer Using 
External Reactors 

accepted that the nominal voltage to neutral on the 
network system should not differ from the lamp and 
appliance voltage elsewhere on the system. The second 
point that operating experience seems to be establishing 
is that no very serious troubles are experienced from 
the operation of a network system, with the improved 
voltage regulation found in such a system, on either of 
the reduced values of voltage mentioned above as long 
as some effort is put forth toward educating customers 
on the new type of service that they are receiving. 
There are always some isolated cases of troubles, 
particularly when changing over apparatus which has 
been operating at higher voltage to the lower value but 
these can be readily corrected by minor changes in the 
apparatus itself or by the use of booster auto- 
transformers. 

Of those companies that are operating star connected 


combined light and power secondaries, it is found that 
just about the same number are maintaining 120/208 
volts at the customer’s service switch as those main¬ 
taining 115/199 volts. There are a few companies 
that are maintaining at the same point a voltage of 
approximately 117/203 volts. A check was made a 
short time ago of some of the companies that have been 
operating the largest networks for a long enough period 
of time to have obtained some valuable information on 
the question and it showed that three of the companies 
maintaining 120/208 volts find it unnecessary to use 
.any boosters in supplying the motor load. The same is 
true of two of the companies holding 117/203 volts. 
On five of the large 115/199 volt systems an average of 
about 40 per cent of the motor load is supplied through 
booster transformers. In this latter class some com¬ 
panies have adopted a very liberal policy in regard to 
the application of booster transformers. 

Another problem that presents itself is the determina¬ 
tion of the size of motor that should be taken on the 
network system. In general, it might be said that any 
motor of a size normally found in the downtown area 
of a city may be supplied from a properly .designed 
network. Special starters must be supplied on the 
larger motors to divide the starting current into in¬ 
crements that will not cause flickering of the lights. 
Various companies have adopted different limits in the 
starting current regulations but the trend seems to be 
to a limitation of 200 amperes per step at one-half 
second intervals. Test information might show that 
higher limitations would give satisfactory results on 
many systems. 

One company started operation with the network 
feeders brought from the busses of two different stations. 
It was found that the variation in voltage conditions 
on the two busses was sufficient to cause excessive 
operation of the network protectors during periods of 
light load on the. system. The condition was cor¬ 
rected by tying the two stations more firmly together 
on the high voltage side. 

Some .cases have been noted of excessive operation of 
network protectors in the immediate vicinity of elevator 
motors at the time of light load on the system. This 
may be caused by regenerative action of the elevator 
motors or by the relative voltage conditions of the 
feeder and secondary system being such as to cause 
the protector to remain open under the normal load 
being carried by the system but causing it to close 
as the starting current of the elevator motor lowers 
the voltage in the secondary grid. In either case the 
trouble can easily be corrected by raising the reverse 
current tripping adjustment of the relay. This will 
probably prevent this one protector from opening on 
the reverse magnetizing current of its own transformer 
but it will still trip when the feeder breaker at the 
station is opened because after all of the other pro¬ 
tectors on the feeder have opened the magnetizing 
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current of all the transformers connected to the feeder 
will be supplied through the one protector. When a 
sufficiently high adjustment cannot be obtained with 
the standard spring a special heavy spring may be 
obtained. 

When the operation of network systems was first 
started it was felt that where feeder regulators with line 
drop compensators were used it would be necessary to 
supply some means of cross-compensation to insure 
stable operation of the regulators. It was believed that 
any action of the regulators that would set up a cir¬ 
culating current between the feeders would bring about 
a cumulative action which would cause some of the 
regulators to rotate to the full boost and others to the 
full buck position. To eliminate the possibility of this 
happening several simple means of cross connecting 
the line drop compensators were developed and some 
of these are now in service giving very satisfactory 
operation. It has since been found that if the line drop 
compensators are set properly it is possible in most 
systems to obtain stable operation of the regulators 
and proper voltage in the secondary system without 
tying the regulators together in any way/ Several 
systems are now. operating the regulators on their 
network feeders without any cross connections and have 
experienced no trouble. 

Present Trend of Development 

Up to the present time only one company, the 
Knoxville Power & Light Co., is operating an overhead 
automatic network system of any appreciable size. 
The question of using networks in such areas has been 
given serious consideration by other companies and 
it is believed that decided advances will be made in the 
development of such systems within the next few years. 

The first two of a group of large government buildings 
are now under construction at Washington. The auto¬ 
matic network system has been chosen as the most 
satisfactory from an engineering standpoint as well 
as the most economical type of system that could be 
used to supply these buildings. Each building will 
have a secondary cable grid tying together the trans¬ 
former vaults located in that building and the secondary 
networks of all of the buildings will be connected solidly 
together by low-voltage tie cables. 

This development is only the forerunner of a wide¬ 
spread application of network systems inside large 
buildings if the amount of thought being given the 
problem at the present can be taken as a criterion. 
Directly connected with this subject is the one of 
vertical distribution in tall buildings which is being 
actively considered by two companies at the present 
time. Preliminary plans call for the location of trans¬ 
formers on several different floors, the group of trans¬ 
formers on each floor being connected into a network 
which may be permitted to remain independent or 
may be tied in on the secondary side with the networks 
on other floors. Along with this development, con¬ 


sideration is being given to every detail of the vault 
layout and the design of the apparatus to minimize 
the possibility of a transformer explosion and to localize 
trouble of any kind. 

The a-c. network is being given serious consideration 
as a system of distribution for large manufacturing 
plants. In this field such a system should find its 
greatest application in those factories where the process 
of manufacture is such that an outage of even a short 
duration has serious results. A special type of auto¬ 
matic network system is being considered for one manu¬ 
facturing plant of this type at the present time*. 

The network system lends itself exceptionally well to 
the scheme of synchronizing generators at the load. 
One company that is operating a large network system 
is now making a thorough investigation of the feasi¬ 
bility of such operation. 

The network stands today as a type of system that 
has stood the test of service and has given the results 
expected of it. In general, the continuity of service 
in practically every installation has been as dependable 
as the source of supply and most thought is now being 
given to possible means of increasing the dependability 
of the source. 


Discussion. 

Frank E. Johnson, Jr.: Considerable difficulty has been 
experienced by the New Orleans Public Service in securing fuses 
of the proper characteristics for transformer protection. The 
function of these fuses, as I understand it, is to blow upon failure 
of the network protector to open for a primary cable fault in¬ 
volving back feed currents of a magnitude large enough to 
damage the transformers, and also for secondary cable faults 
(during which the protector is expected to remain closed) where 
such faults are of sufficient duration or severity to damage the 
transformers. Although it is necessary that as much current as 
possible be fed into a secondary fault to clear it, nevertheless 
this should not be entirely at the expense of the nearby bank, 
since a transformer failure is likely to involve a feeder outage 
and hence a reduction in network transformer capacity at a time 
when it is most needed. It would, therefore, appear advisable 
for this condition that the nearby bank or banks be properly 
cleared by fuses. 

These two types of faults work against one another in so far 
as fuse size is concerned, because the ideal fuse to take care of the 
former fault should blow at current values just beyond the 
full-load rating of the transformer, while for the latter fault the 
larger the fuse the better are the results. The problem is further 
complicated by the different conditions brought out in the paper 
which exist for short circuits through the various types of in¬ 
herent or external reactance transformers. In the fuse design 
it would seem then that preference should be given to primary 
feeder faults since in a carefully constructed secondary system, 
utilizing the proper type of cable, little or no trouble may be 
expected. There have been no secondary cable failures in the 
New Orleans system. Since various values of fault current will 
be encountered, a curve should be plotted between fuse current 
and the fuse blowing time. This curve, for the ideal fuse, would 
lie just below, but parallel to, the safe thermal-time curve of the 
transformer the fuse was designed to protect. Unfortunately, 
due to the great difference in thermal characteristics between 
the fuse and the transformer, this condition can only be ap¬ 
proached. However, since the various makes of network trans¬ 
formers having the same inherent impedance appear to have 
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approximately the same thermal-time curves, it does seem 
reasonable to believe that some standard fuse could be devised 
that would be interchangeable in all manufactured protectors 
to be used with a given size transformer. At present each new 
model of protector includes a different type or size of fuse. 

A very helpful feature in our network protector operation has 
been the fine spirit of cooperation that has existed between the 
manufacturers and the New Orleans Public Service, Inc. Weak 
design features have, been promptly rectified by immediately 
submitting detailed reports of any trouble experienced to the 
manufacturers. I think that a similar procedure on the part of 
all users of network protectors will bring the equipment to the 
highest state of reliability in the shortest space of time. 

I should like to ask if any occasion has arisen where it was 
desirable that a tap changer on a network transformer be used 
so that the ratio on a particular bank or banks was different 
than elsewhere on the system, and if any trouble from circulating 
currents was then experienced. 

In connection with allowable motor-starting currents, I will 


mention the fact that a 100-hp. slip-ring induction motor, with 
drum control switch, and used for hoisting purposes, was recently 
connected directly to the 500,000 eir. mil 1-conduetor mains 
with entire absence of light flicker in the vicinity. The starting 
current, as read on a well damped ammeter, was 325 amperes. 
The installed transformer capacity (10 per cent' impedance 
transformers), within a radius of 600 ft. from the building, is 
2S50 kv-a. 

T. J. Brosnan: We have appreciated for some time the 
desirability of using fuses having the characteristics described 
by Mr. Johnson for back-up service in the network protectors. 
A considerable amount of work has been done on the develop¬ 
ment of such a fuse but as yet the results have not been very 
encouraging. 

There are several companies that have had occasion to use the 
tap changers to change the ratios of all the transformers on the 
system but I do not know of any case where some of the trans¬ 
formers have been changed a greater or less amount than 
the others. 



Standard Voltage A-G. Network 

BY JOHN ORAM' 

Non-member 


Synopsis.—The object of this paper is to present a description 
of the Dallas (Texas) underground network system. This system is of 
interest since it is directly opposed to the general trend of furnishing 
non-standard voltages in underground systems. The reasons for its 
selection and its advantages over the three-phase four-wire system are 
presented. A brief description of the installation of equipment in 
vaults and manholes is given. Another feature of this system is the 
use of standard reactance transformers together with an external 
reactor, shunted by a fuse, for purposes of overload protection to the 
transformers. In addition to the regular network this system has a 
single-wire manhole and vaidt lighting network which is also used 
as a control wire for turning on and off multiple street lamps. 


A nother feature of this system is a complete underground telephone 
system with a telephone outlet in each manhole and transformer vault. 
This telephone system is also connected to float switches in trans¬ 
former vaults which automatically notify the trouble office in the 
event of high water in a transformer vault. The routine tests madefn 
connection with the operation of the network system are described and 
the method of locating primary faults is given in detail. Complete 
records are kept of the installation of conduit and cable. Photo¬ 
graphic records of construction , operation , and cable failures, etc., 
are also kept. The record of this network system both as to efficiency 
and as to continuity of service is excellent. 

* * * * * 


T HE principal characteristic of the Dallas (Texas) 
underground secondary network system is that it 
provides standard 115-volt service for lighting 
consumers and 230-volt three-phase service for power 
consumers. This is done by adding an 18-volt secon¬ 
dary coil to the standard 115-volt transformer coil and 
bringing out three leads on each transformer. With 
three transformers connected in “Y”, the arrangement 
gives 115 volts for lighting and 230 volts for power 
service with a common symmetrically grounded neutral. 

On account of the high primary voltage used and the 
relatively short distance of approximately one mile from 
generating station to load center no feeder regulators 
are required. The range of voltage regulation is about 
five per cent from no load to full load and the control of 
the generating station busbars by Tirrill regulators is 
adequate for this purpose. Since the major portion 
of the load follows quite closely that of the under¬ 
ground system and all other lighting service is controlled 
by individual feeder voltageregulators in substations, no 
interference with the remainder of the system is caused. 

The Dallas network system covers an area of approxi¬ 
mately 0.75 sq. mi. and consists of five 13-kv. 
underground feeders serving eighty-two 300-kv-a. 
transformer banks which supply two sets of secondary 
network cables, one being the lighting network and the 
other the power network. Automatic network units 
are used between transformers and the secondary net¬ 
work system. The principal load in'the underground 
district consists of office buildings, theaters, department 
stores, and hotels. The average load density is 20,000 
kv-a. per sq. mi. The greatest concentrated load 
is a hotel which consumes an average of 10,000-kv-a. 
hours every 24 hr. 

The network system at present is designed .for a 
normal maximum loading of 80 per cent on each trans- 

1. Chief Engineer, Dallas Power & Light Company, Dallas, 
Texas. 

Presented at the Regional Meeting of the South West District of 
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former bank and an emergency loading of 100 per cent. 
This arrangement will permit the removal from service 
of any one of the five feeders without overloading the 
remainder of the system. The normal voltage in the 
secondary mains is 115 volts for lighting and 230 volts 
for power. The emergency voltage will average 110 
and 220 volts for lighting and power, respectively. 


fZKV. /Van* 



The system is composed of three-conductor, 400,000- 
cir. mil 13-kv. primary feeders, 250,000-cir. mil 13-kv. 
primary mains, 100-kv-a. 8000-115/133-volt transform¬ 
ers, automatic network units, 250,000-cir. mil secondary 
power cables, 250,000-cir. mil. secondary lighting cables, 
and a 500,000-cir. mil bare neutral. 

The decision to use two sets of mains was made after 
a careful consideration of investment costs, operating 
costs, and quality of service to be rendered. It was 
primarily because of the superior quality of service 
provided that the seven-wire system was adopted 
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Previous to the installation of the underground network 
system the customers of the Dallas Power and Light 
Company had been furnished with standard 110-volt 
lighting and 220-volt power service. With the thought 
of good service and public relations in mind, some 
secondary network system was sought which would 



Fig. 2—Chart Showing Distribution op Costs op Dallas 
Underground Network System 

continue to furnish normally standard voltages on 
both light and power mains. Investigation showed 
that the additional costs of the secondary portion of 
the system were offset by the better service provided 
and the saving in customers' equipment. Fig. 2 
shows the comparative investment costs between the 
several major portions of the underground network 
system. 

In addition to furnishing standard voltage to both 
lighting and power services, the seven-wire system has 
the advantage that, since two separate sets of mains 
are used, fluctuations-due to the power loads do not 



Fig. 3—Twenty-Four Hour Voltage Charts on Power and 
Lighting Mains Taken at Same Location 


cause flickering of the lights. The absence of .flicker 
on the lighting system may be observed from the volt¬ 
meter charts shown in Fig. 3, taken simultaneously 
on lighting and power services in the same distribution 
box. There is no limit to the size of motor that may be 
operated from the network system, and motors up to 


and including 30 hp. may be started directly across 
the line without the use of starting compensators. 
In this way the economy resulting from the simplicity, 
high performance, and balanced design of the common 
squirrel-cage motor is retained, together with greater 
flexibility in application where remote control is desired. 

Another feature of this system is that standard 
reactance transformers are used with an external re¬ 
actance installed in the neutral leg of each transformer, 
so arranged that the reactor is normally shunted by 
means of a fuse, thereby providing good regulation and 
lower secondary losses during normal operating con¬ 
ditions. When, however, an overload occurs on a 
transformer bank, due to feeder outage or other ab¬ 
normal conditions, the fuses blow and thereby insert 
the external reactance in the circuit and relieve the 
transformer of part of its load. 



The transformers are installed in vaults either built 
by the Dallas Power and Light Company, or if in 
building basements they are in accordance with Dallas 
Power and light‘Company specifications. In either 
case the only opening to the vault is through a manhole 
cover, 20 in. in diameter, built into a removable concrete 
panel 4 ft. wide, by 5 ft. long, placed in the sidewalk 
next to the curb. The castings in the panels allow 
men and small equipment to enter the vault with ease. 
If necessary to replace transformers or network switches 
the panel is removed. Each vault is ventilated by two 
28-in. square ducts with openings in opposite ends of 
the vault, one near the ceiling, the other near the floor. 
Both ducts terminate on the sidewalk next to the curb 
and are covered with gratings. 

The equipment in a transformer vault consists of 
three transformers, two network switches, primary 
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cables, secondary cables, three reactors, a condulet 
each for telephone and lighting service, and miscel¬ 
laneous equipment such as a ladder, manhole guard, 
and covering for cable trenches. The primary cables 
enter the vault in one of the lower duets and are racked 
on wall insulators to the transformers. The trans¬ 
formers are placed on T-rails imbedded in the concrete 
floor. The secondary leads are trained vertically 
from the transformer terminals to the secondary cable 
trench in the floor. The secondary power and li ghting 
cables extend in separate trenches to the wall on which 
the network switches are installed. The 1,000,000- 
cir. mil secondary cables are extended from the upper 



Fig. 5—Typical Double Transformer Vault 


terminals on the network switch to the secondary 
network in the street. The secondary cables are 
racked separately from the primary cables. 

There are at present 84 submersible and 80 non- 
submersible network switches in operation on the Dallas 
system. Of the submersible units 72 are solenoid 
operated and 12 motor operated; all use single-phase 
relays in air bells which are mounted on the wall of 
the vault. This arrangement facilitates maintenance 
and provides better ventilation of the relays. No 
phasing relays are used on the foregoing units. Of 
the non-submersible units 78 are solenoid operated 
equipped with single-phase relays and phasing relays, 
and two are motor operated equipped with three-phase 
relays and phasing relays. Few difficulties in the 
operation of the network switches have been en- 
encountered from unbalanced loads and elevator re¬ 
generation. These have been overcome by using three- 
phase relays or otherwise. 

Although secondary network system in general 
consists of 250,000-cir. mil lead covered cables on cross 
streets or between important loads, additional 500,000- 
cir. mil cables are sometimes installed. The secondary 


neutral is grounded in each transformer vault and 
serves as a primary neutral. 

The secondary services are extended to the customers 
building line in 4-in. fiber conduits, one each for power 
and lighting services where both are required. The 
conduits are terminated in a distribution box placed in 
the outside building wall, or iron conduit of reduced 
size is carried up the building wall about 12 ft. and 
terminated with a condulet. A panel is installed in the 
distribution box and both power and l ighting services 
are connected to this panel. If it is not possible to 
install the distribution box, the customers’ outlets are 
grouped on the outside wall at the first floor ceiling line. 
The cables used for services are single-conductor, 600- 
volt, paper insulated, and vary in size from No. 6 
A. W. G. to 500,000 cir. mil. 

In addition to the secondary and primary mains in the 
duct lines there are telephone and manhole lighting 
cables with outlets in each manhole and vault. The 
manhole lighting cables are No. 6 A. W. G. and form 
a secondary netw.ork with 115 volts to ground which is 
used by the workmen for lights, blowers, soldering pots, 
and other general conveniences. This network is 
connected to the main secondary lig h ting network 
through a fuse and switch, and is so arranged that in 
addition to serving as a manhole lighting system it will 
also serve as a pilot wire for controlling a proposed 
multiple street lighting system in the underground area. 

The telephone system is in the same conduit as the 
manhole lighting cable. It consists of two 26-pair 
cables which extend from the switchboard in the 
Trouble Division’s office to central locations, and 
branch out into two-conductor No. 14 lead covered 
cables. These two-conductor cables are installed on 
the main streets so that each manhole and vault has a 
telephone outlet. 

The telephone system is also used as a signal system 
to give warning of water in transformer vaults. This is 
accomplished by connecting a coil of No. 4 bare copper 
wire in a porcelain housing to the ungrounded side of 
the telephone circuit. The device is installed in trans¬ 
former vaults about six inches above the floor. When 
water reaches a level of six inches or more the telephone 
cable is short-circuited and a light signals the operator 
in the Trouble Office. 

In the operation and maintenance of the network 
system certain routine tests and inspections are made. 
The vaults are inspected regularly and all dirt, paper, 
and other accumulations removed from the ventilator 
pits and floor. Oil samples from all transformers are 
taken once each month and tested for dielectric 
strength. The oil level in the transformers is observed 
and if necessary oil is added. The oil in each trans¬ 
former is filtered at least once a year regardless of its 
dielectric strength. Each network switch is inspected 
weekly and the number of operations recorded. An 
inspection of network switches is made each month. 
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They are cleaned and adjusted, and repairs are made 
if necessary. 

To test the operation of network switches, feeders are 
removed from service once each week during the light 
load period, by opening the circuit breakers at the 
Generating Station. If the feeder is not automatically 
deenergized when the breaker is opened, a trouble man 
is sent out to see which network switch has failed to 
open. A signal system installed in each vault saves 
the trouble man much time in locating the faulty 
switch. This signal system consists of a 125-volt 
lamp installed in the ventilator so that it can be seen by 
the trouble man without getting out of his car. One 
terminal of the lamp is connected to ground and the 
other to a lighting phase through an auxiliary switch 
that closes only when both network switches are open. 
A signal lamp not burning indicates that a network 
switch is closed. If faulty the switch is locked open 
until repaired. 

In the location of primary faults special equipment is 
used. The apparatus is installed at the Generating 
Station and consists of a 50-kv-a. 440/8000-volt step- 
up transformer and 8000-volt, 15-ampere reactor. 
The procedure followed in locating a fault is to manually 
lock open each network unit on the feeder in trouble, 
disconnect the feeder at the Generating Station and 
connect the reactor to the faulty conductor until it is 
broken down to ground. With a split-core instrument 
transformer and low reading ammeter the current sent 
out over the cable is traced to the fault location. 

Detailed records of underground installations are 
kept under five general classifications, viz.: (1) Duct 
T.ine Records, which are in the form of drawings showing 
a plan and profile of the duct lines together with the 


location of all substructures adjacent thereto; (2) Man¬ 
hole Records, which are also drawings giving the loca¬ 
tion and details of construction of each manhole; (3) 
Cable Records, which give the location, size, date 
installed, and other data pertaining to each cable in each 
manhole; (4) Transformer Records, which gives the 
purchase specifications together with a complete history 
bf each transformer; and (5) Service Records, which is a 
section map of the city showing the location and size of 
each lighting and each power service. 

Records are kept of all equipment failures which 
includes a detailed description of the failure together 
with a photograph of the faulty apparatus where 
possible. Included in these records are cable failures, 
transformer failures, network unit failures, etc. 

During the year 1928 the average efficiency of the 
underground network system, as calculated from watt- 
hour meter readings at the Generating Station and those 
on customers’ premises, was 95.5 per cent. The 
average annual power factor was 0.90 and the load 
factor 0.50. Approximately 36 per cent of the energy 
distributed was power and 64 per cent lighting. 

The operation of the system since its installation has 
been successful. The voltage regulation has been good 
and there have been practically no complaints. The 
record with reference to continuity of service, like that 
for voltage regulation, has been satisfactory. The 
completed network system has been in operation nearly 
two years and during that time no customer has been 
out of service. A number of faults on primary cables 
has occurred, but in each instance the trouble has been 
automatically and successfully cleared without inter¬ 
ruption to service. Secondary cable faults bum clear 
without noticeable effect on the service. 



Automatic Reclosing of High-Voltage Circuits 

BY E. W. ROBINSON 1 and S. J. SPURGEON 1 

Non-member Non-member 

Synopsis . —The experience of the Alabama Power Company with reclosing cycles are recommended but instead this paper deals with 
the reclosing of high-voltage circuits is described , this covering various typical applications of high-voltage reclosing oil circuit 
numerous installations on 22-, and 110-kv. circuits . No definite breakers on th'e Alabama Power Company system . 


Introduction 

LABAMA Power Company operates over a wide 
expanse of territory where the load density is 
generally low. About 1922 a large expansion 
program started which immediately developed the 
desirability of more primary substations, where the 
110-kv. system might be tapped and voltage reduced 
to 44 kv., and of more switching stations where the 
existing 44-kv. lines might be interconnected. The 
cost of attendance at these primary substations and 
switching stations intervened, however, as a serious 
obstacle and brought about an active interest in auto¬ 
matic reclosing switching equipment which might allow 
the substitution of a daily or weekly inspection of such 
stations for continuous attendance. 

General Discussion 

No suitable reclosing relays or devices were commer¬ 
cially available at the time so the power company 
started a series of experiments and developments which 
resulted in 1922 in the application of a reclosing device 
to a standard 50-kv. oil circuit breaker controlling a 44- 
kv. feeder. This device is of interest as being a self- 
contained mechanism including a motor driven breaker 
operating device, reclosing relay, and lock-out relay. 
It required a minimum amount of power, could be oper¬ 
ated from any available a-c. or d-c. source, and was ap¬ 
plicable to any standard breaker by minor alterations. 
As originally built the interval between breaker opera-' 
tions was approximately one minute and the device 
could be set to lock-out after one, two, or three reclo¬ 
sures. The original mechanism was far from perfect 
but continued in operation for several years. 

About this same time various manufacturers put on 
the market reclosing relays adapted for use with stand¬ 
ard breaker operating mechanisms. Among these were 
the induction type, motor-driven drum type, and motor 
relay type. These were all more or less unreliable in 
the beginning, but they, and also the so-called “reclos¬ 
ing device” developed by Alabama Power Company, 
were rapidly developed and have reached a high degree 
of reliability. Considerable numbers of each type of 
reclosing installations were putin service anditis interest¬ 
ing to note than in, 1928 all types showed better than 

1. Both of Alabama Power Co. 
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85 per cent of correct operations, and the two preferred 
types in excess of 95 per cent. 

On the Alabama system originally there was a uni¬ 
form period of one minute between breaker operations. 
Experience showed that this was satisfactory and sub¬ 
sequently the initial interval was reduced to 45 sec. 
and in some cases to 30 sec. Later intervals were 
also reduced in some instances to 45 sec. Origi¬ 
nally two reclosures before lock-out were provided for 
and this schedule has been followed consistently. Two 
reclosures gave ample time for the controlled line 
to be restored to service if this were possible and 
there seemed to be no valid argument for a greater 
number as it was extremely unlikely that a line 
would show up bad on two trials and good on the 
third, while on the other hand, a larger number of 
reclosures prolonged system disturbances, vastly in¬ 
creased the duty on the breakers, and resulted in in¬ 
creased cost of maintenance and- inspection. 

The engineers of Alabama Power Company have not 
been impressed with the necessity nor desirability of a 
standard reclosing cycle for high-voltage breakers. In¬ 
stead they have preferred to treat each case separately 
taking into account the character of the controlled line, 
peculiarities of the load supplied, possible short circuit 
duty on breaker, rupturing capacity of breaker for 
various duty cycles, and class of service to be main¬ 
tained. In most instances the reclosing cycle is adjust¬ 
able and in fact is changed from time to time depend¬ 
ing on operating conditions. With proper considera¬ 
tion given these factors satisfactory applications will 
result. This is borne out by the experience of Alabama 
Power Company where, in a six year period, there have 
not been in excess of two failures of reclosing high-volt¬ 
age breakers which might possibly have been avoided 
had the substations where these failures occurred been 
attended and breakers non-reclosing. 

A better conception of the application of reclosing 
high-voltage breakers on Alabama Power Company 
system may be obtained from brief descriptions of vari¬ 
ous typical installations. Therefore, descriptions and 
illustrations are included for one or more examples of 
each of the following typical applications of automatic 
reclosing high-voltage oil circuit breakers. 

a. ' To plain radial feeders—44 and 110 kv. 

b. To 44-kv. networks fed from one source. 

c. To 44-kv. networks fed from several sources., 
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d. To very long 110-kv. transmission lines. 

e. In conjunction with specially designed accessory 
switching equipment. 

These examples follow: 

Radial Feeders— 44- Kv. and 110-Kv. 

The application of automatic reclosing switches to 
radial feeders is the simplest and most common of all 
the applications. This type of installation was made 
on the 44-kv. installation at the North Auburn Primary 
Substation. All the 44-kv. oil circuit breakers at this 
station are operated by self-contained, motor driven, 
automatic reclosing devices. There is also an 110-kv. 
installation at the Flomaton Primary Substation. Here 
the breakers are operated by solenoid mechanisms which 
are in turn controlled by reclosing relays of the induc¬ 
tion type. All the circuit breakers installed at the 



Eig. 1—Blocton Loop Automatic Switching Scheme 


North Auburn and Flomaton Primary Substations are 
arranged for one minute reclosing intervals and lock 
out after two reclosures. No unusual maintenance 
problems have been encountered on these breakers. 

ii-Kv. Network Fed from One Source. The application 
of reclosing breakers to networks fed from one source 
presents a more difficult problem, especially when 
various switching stations are remotely located with 
respect to the source of power and attended stations. 
The application becomes even more difficult when it 
is desired to automatically isolate trouble in relatively 
small sections of the entire network. A good illustra¬ 
tion of this type of network is the Blocton Loop, shown 
in Fig. 1. This network feeds a great many important 
customers distributed over a large area. The network 
is tied together with reclosing oil circuit breakers and 
numerous automatic sectionalizing switches specially 
designed for the purpose. These circuit breakers and 
automatic sectionalizing switches are so arranged and 
timed that any section of line in trouble is isolated auto¬ 
matically from all the other sections of line and service 


restored to all the network except the section in trouble. 
The particular type of automatic sectionalizing switch 
used in the Blocton Loop network is designed to reduce 
the number of automatic reclosing oil circuit breakers 
necessary to secure complete sectionalization, thereby 
decreasing the initial installation cost. These switches 
are essentially spring actuated automatic gang operated 
air-break switches. Each phase includes a high-voltage 
solenoid connected through an insulating member to 
an inverse time-limit circuit closing relay. These 
switches operate in conjunction with special timing 
relays. Their function is to open a line automatically 
after it has carried excess current momentarily a given 
number of times within a given period of time. They 
are so designed that they cannot open ordinarily when 
the line is energized, though in some cases it is necessary 
to add low-voltage relays to make this positive. 

The following examples describe the functioning of 
the Blocton Loop in case of permanent trouble. Tran¬ 
sient disturbances are not considered, as they result in 
no permanent derangement of the Loop. 

Assuming trouble in Section A, Fig. 1, automatic 
reclosing oil circuit breakers 3464,1318 and 4450 open. 
This “notches up” the timing relays and starts a timing 
cycle on the automatic sectionalizing switches 1369 and 
4491. In one minute all three of the above mentioned 
oil circuit breakers reclose and open again immediately 
and the timing relays on switches 1369 and 4491 
“notch up” again and start a new timing cycle. After 
another minute has elapsed, oil circuit breakers 3464, 
1318, and 4450 again reclose and again open immediately 
The timing relays on switches 1369 and 4491 then 
“notch up” the third time, close their trip contacts and 
start a new timing cycle. When the trip contacts on 
the timing relay on switch 4491 are closed the trip 
circuit is completed through an undervoltage relay 
connected to a 44,000/110-volt potential transformer 
and the switch opens. Breakers 3464, 1318 and 4450, 
which are set for three reclosures (four openings) before 
lock-out, then reclose. Breaker 3464 opens immedi¬ 
ately after reclosing the third time, and locks out, 
isolating Section A. Service is then restored to all 
other sections through oil circuit breakers 1318 
and 4450. Switch 1369 does not open since oil circuit 
breaker 3474 does not open during the sectionalization 
and consequently there is always potential on the line 
between breaker 3474 and switch 1369, thus keeping 
the trip circuit of 1369 open at the contacts of an under¬ 
voltage relay. 

Since all the automatic sectionalizing switches used 
in the Blocton Loop operate the same as those described 
above, in case of trouble, a detailed explanation of the 
different cycles of operation of the other automatic 
sectionalizing switches in the loop is not given in the 
following discussion but, instead, it is confined to an 
outline of the breakers and switches which operate to 
sectionalize trouble in any given section. 
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When trouble develops in Section B, the automatic' 
reclosing oil circuit breakers 4450 and 102 lock-out after 
the third reclosure (fourth opening) and the trouble is 
thus isolated. Trouble developing in Section C is iso¬ 
lated by oil circuit breakers 4450 and 1318 and auto¬ 
matic sectionalizing switch 4491. Switch 4491 opens 
after the second reclosure (third opening) of oil circuit 
breakers 3464, 4450, and 1318. Oil circuit breakers 
4450 and 1318 and 3464 reclose again and 4450 and 
1318 open and lock-out after the third reclosure (fourth 
opening), thus isolating the fault in Section C. Breaker 
3464 restores service to Section A. Trouble in Section 
D is isolated by the automatic sectionalizing switch 
6237 after the first reclosure (second opening) of breakers 
3464, 4450, and 1318. Automatic sectionalizing switch 
1455 isolates trouble on Section E with exactly the same 
operation of oil circuit breakers. Trouble on Section 
F is isolated by automatic sectionalizing switch 1369 
and oil circuit breaker 1318. Automatic sectionaliz¬ 
ing switch 1369 opens after the second reclosure (third 
opening) of the reclosing circuit breakers 3474 andl318. 



Pig. 2—Aeabama-Mississippi Automatic Switching Scheme 

Breaker 1318 opens and locks out after the third reclos- 
use (fourth opening) and 3474 recloses and restores ser¬ 
vice to Section H. When trouble develops in Section 
G automatic sectionalizing switch 5033 isolates it after 
the first reclosure (second opening) of reclosing oil cir¬ 
cuit breakers 3474 and 1318. Breakers 3474 and 1318 
reclose to restore power to all sections affected except 
Section G. Trouble in Section H is isolated by auto¬ 
matic sectionalizing switch 1369 and breaker 3474. 
Automatic sectionalizing switch 1369 opens after the 
second reclosure (third opening) of oil circuit breakers 
3474 and 1318. Breaker 3474 recloses, opens, and 
locks out on the fourth opening. Breaker 1318 re¬ 
closes and restores service to Section F. 

While this loop is fed from Bessemer and Lock 12 
it is considered to have one source of power supply as 
there is -little chance of the two stations being out of 
synchronism and no provision is made for automatically 
checking synchronism either at Bessemer or Lock 12. 

J^-Kv.--Network Fed from Several Sources. The ap¬ 


plication of reclosing breakers to networks fed from 
several sources is complicated by the necessity for auto¬ 
matic synchronizing or synchronism checking. Two 
good illustrations of this type of network are shown 
in Fig. 2 and Fig. 4. 

The Alabama-Mississippi network, shown in Fig. 2, 
has three sources of power,—Gorgas, Haleyville, and 
West Point. The power that can be furnished the 
network from West Point is not sufficient to carry 
much load in Alabama and the normal power flow is 
from Alabama to Mississippi. The chief sources of 
power are from Haleyville and Gorgas. 

This network has three special features, all of which 
are necessary for a complete automatic switching 
scheme of this kind. These special features consist 
of an automatic synchronizing device for the control 
of breaker 1932 at West Point, synchronism check 
devices at Brilliant on breaker 7858 and at Haley¬ 
ville on breaker 5122, and a special tiining relay at 
Haleyville on switch 5122. The automatic synchro¬ 
nizing device at the West Point Substation will close 
breaker 1932 only when there is potential on both the 
bus and line terminals and then only when both sys¬ 
tems are in synchronism. 

The synchronism check schemes at Brilliant and 
Haleyville on breakers 7858 and 5122 consist of a num¬ 
ber of relays which allow the breakers controlled to 
close only when the two sources of power are in syn¬ 
chronism for a period of several seconds. There are 
other relays used in connection with the synchronsim 
check schemes which automatically select the breaker 
across which synchronism is to be checked. For exam¬ 
ple, if for any reason breakers 4058 at Gorgas and 7858 
at Brilliant open, breaker 7858 does not reclose until 
after breaker 4058 at Gorgas recloses. This scheme 
then allows synchronism to be checked across breaker 
7858 at Brilliant. If, however, Section B is deener¬ 
gized by the opening of breakers 7858, 5122, and 1932, 
breaker 7858 becomes automatic reclosing and syn¬ 
chronism is then checked across breaker 5122 at Haley¬ 
ville. The synchronism check scheme on breaker 5122 
is further controlled by a timing relay which is the third 
special feature mentioned above. The function of the 
timing relay is to prevent breaker 5122 from reclosing 
until breaker '7858 has restored power to the Brilliant 
side of breaker 5122, or until breaker 7858 has locked 
out because of. trouble. This timing relay is set to 
operate for four minutes before closing its contacts. 
The closing of the timing relay contacts makes breaker 
5122 full automatic reclosing. If, however, permanent 
potential is established on the Brilliant side of breaker 
5 122 before the four-minute timing cycle of the timing 
relay is completed, the timing cycle is terminated im¬ 
mediately and the synchronism check scheme func¬ 
tions to close breaker 5122 if the two sources of power 
are in synchronism. Momentary restorations of volt¬ 
age across breaker 5122, due to operations of breaker 
7858 during trouble, do not affect the timing cycle of 
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the timing relay nor the functioning of the synchro¬ 
nism check scheme on breaker 5122. All breakers in 
this network are normally closed. 

Assuming a permanent case of trouble occurs in 
Section A, automatic reclosing oil circuit breakers 4058 
and 7858 open and clear the trouble. After one min¬ 
ute, breaker 4058 recloses, but opens automatically 
again immediately. It then recloses again after one 
minute, opens, and locks out. This isolates Section A 
as breaker 7858 does not reclose, being prevented from 
doing so by the synchronism check scheme, on account 



Pig. 3—Brilliant Automatic Switching Station 
Switchboard 


of lack of permanent voltage on the Gorgas side. Had 
voltage been restored, breaker 7858 would have reclosed. 

Assuming temporary trouble occurs in Section B, 
breakers 1932, 7858, and 5122 open. Breaker 7858 
closes in one minute and restores service to Sections 
C and B. Breaker 1932 then synchronizes and closes 
immediately. The timing cycle on breaker 5122 is 
terminated as soon as permanent voltage is established 
from Brilliant. The synchronism check scheme then 
checks synchronism and closes breaker 5122, thus re¬ 
storing the network to normal. In case of permanent 
trouble in Section B, breakers 1932, 7858, and 5 122 
open. Breaker 7858 recloses and opens twice and locks 
out on the third opening. The timing relay on breaker 
5122 completes its four minute timing cycle and at the 
end of that time breaker 5122 becomes straight reclosr 
ing and locks out after the second reclosure. Since 
breaker 1932 does not synchronize on a deenergized 
line, the trouble is isolated. 

Assuming trouble in Section C, breakers 7868 and 
1932 open. If the fault is temporary, breaker 7868 
recloses and breaker 1932 synchronizes and closes. 
If a permanent fault; breaker 7868 locks out after the 
second reclosure (third opening) and breaker 1932 does 


not close until potential is again reestablished from 
Brilliant. 

Fig. 3 shows the switchboard and relays at the 
Brilliant Switching Station. It is interesting to note 
that all the reclosing mechanisms used in this network, 
except at Gorgas, are. of the type originally developed 
by the engineers of the Alabama Power Company. 

The Montgomery automatic switching scheme shown 
in Fig. 4 employs the synchronism check scheme and 
a timing relay similar to that installed at Haleyville 
on breaker 5122, but is much more complex. Almost 
the entire Montgomery load is carried through the Gas 
Plant Substation. 

Montgomery is normally served from Upper Tal- 
lassee and the Montgomery Primary Substation. All 
breakers in the network are normally closed except 
breaker 2808 at Montgomery which is not closed except 
in emergencies. The automatic reclosing oil circuit 
breakers 2828, 2868, 2822, 3216, and 3210 do not play 
any part in the operation of the network and are omitted 
from the discussion. 

Breakers 8656 and 8646 at Upper Tallassee open for 
trouble on lines designated as Sections A and B. 

LOCH IZ 



Fig. 4—Montgomery Automatic Switching Scheme 


Breakers 2836 and 2816 are automatic reclosing and 
lock out after the second reclosure (third opening). 
If for any reason potential fails on both the lines from 
Upper Tallassee, breaker 3204, which is non-reclosing, 
opens on reverse power. The primary substation will 
then carry the 11-kv. load in Montgomery., When 
breaker 3204 opens, the 44-kv. bus is deenergized and 
breaker 2808 closes after a few cycles and breakers 
2836 and 2816 both open if not already in the open 
position. These provisions are made for isolating the 
power supply from the primary substation since the 
entire load of Montgomery cannot be carried from that 
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source and the source of power from Lock 12 through 
Vida is not adequate to carry the Montgomery load 
and the load on all the 44-kv. feeders. When potential 
is again restored to the Upper Tallassee side of breakers 
2836 and 2816, they again reclose. All switching at 
Montgomery is brought to the attention of the local 
organization through a signal system, and after the 
automatic swiching as described above is performed, an 
operator goes to the station and closes breaker 3204 and 
opens breaker 2808, thus restoring the station to normal. 

Any trouble in the transformer bank at the Gas 
Plant Substation is cleared by breaker 2844, which 
locks out after the second reelosure (third opening) 
and breaker 3204, which is non-reclosing. 

A fault in Section C is isolated by automatic reclosing 
breakers 3222 and 8906. Breaker 8906 is equipped with 
a synchronism cheek scheme and a timing relay as 
explained in the above discussion. Ordinarily, if not 
interfered with by the synchronism check scheme or 
timing relay, breaker 3222 closes in one minute. If 
the fault is temporary, the four minute timing cycle 
of the timing relay on breaker 8906 is terminated as 
soon as permanent voltage is established from the Gas 
Plant Substation. The synchronism check scheme 
then checks synchronism and breaker 8906 closes, thus 
restoring the network to normal. If the fault is per¬ 
manent, breaker 3222 locks out after the second re¬ 
closure (third opening). The timing relay on breaker 
8906 then completes its four minute timing cycle, and 
at the end of that time the breaker becomes straight 
automatic reclosing and locks out after the second 
reclosure (third opening). It is noted that breaker 
3222 opens on overload toward the primary substation. 
This breaker is set to open at a higher kv-a. and longer 
time than breaker 8906 for a power flow toward the 
110-kv. bus. This allows breaker 8906 to open in ad¬ 
vance of breaker 3222 in case the 110-kv. line is de¬ 
energized, or when trouble occurs in the primary sub¬ 
station. Under these conditions, breaker 8906 does 
not reclose until power is again applied to the 110-kv. 
line and then only after synchronism is checked. 
Breaker 8906 is also opened by overload relays set for 
relatively high kv-a. and operates only on trouble in 
Section C. 

When trouble occurs in Section D, breaker 1810 opens 
on overload. Breaker 2808 immediately closes on 
failure of potential on Section D. If trouble is only 
temporary, power is restored by breaker 2808, and in 
one minute, breaker 1810 recloses. An operator then 
goes to the Montgomery Gas Plant Substation and 
opens breaker 2808 to restore the system to normal. If, 
however, trouble persists after the first and second 
reclosure, then both breakers lock out after their 
second reclosure (third opening) and the trouble is 
isolated in Section D. 

When trouble occurs in Section E, breaker 104 opens 
and clears the trouble. This opens breaker 1814 on 


failure of voltage. Breaker 2808 then closes and 
restores service to Sections D and F. 

When trouble occurs in Section F, the same operations 
take place as when trouble occurs in Section E, but the 
operator at Lock 12 is able to restore service to Section 
E when breaker 1814 opens upon failure of bus voltage. 
When breaker 2808 closes, it provides a new source, so 
that breaker 1810 may open three times and lock out, 
leaving Section D supplied through breaker 2808. 


None of these extensive applications of reclosing 
breakers has developed any particular or fundamental 
difficulties in reclosing high-voltage circuits. 

Very Long 110-Kv. Transmission Line 
A very good example of the application of automatic 
reclosing oil breakers to very long 110-kv. transmission 
lines is the Jordan Dam-Hattiesburg line shown in 


rtraeo P’.AAtT 



Fig. 5—Jobdan Dam-Hattiesbtjrg-Missisbippi 110-Kv. Line 

Fig. 5. This line is 231 mi. in length, and has four 
110-kv. oil circuit breakers in series, two of which are 
automatic reclosing. It serves a total of seven primary 
substations, but inasmuch as only four of these are of 
interest from the standpoint of the application of re¬ 
closing oil breakers to 110-kv. lines, only four of them 
are discussed. 

The Jordan Dam hydroelectric plant is the normal 
source of supply. Breaker 8406 at Jordam Dam is 
automatic reclosing and is equipped with impedance 
relays which depend on both the line current and voltage 
drop in the preceding section of line for their operation. 
This breaker is also equipped with overload relays for 
back-up protection. 

The Selma Primary Substation includes four 44-kv. 
automatic reclosing breakers which lock out after their 
second reclosure (third opening). This station has a 
source of power from Vida, hence the transformer bank 
breaker 4756 is equipped with reverse power protection 
in addition to overload protection. The normal 
source of power is from the 110-kv. line and the 
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automatic reclosing breaker 4736 is normally open. In 
addition to overload relays, this breaker is equipped 
with reverse power relays for opening the breaker when 
power flows toward Vida. When the power supply 
fails on the 44-kv. bus, breaker 4756 opens and breaker 
4736 closes and restores power to the 44-kv. hus from 
Vida, unl ess there is a fault on the 44-kv. bus, in which 
case it locks out after the second reclosure (third open¬ 
ing). When voltage is again restored to the source 
side of breaker 4756 it closes and breaker 4736 is 
opened, thus establishing normal service to the load. 
The reclo sing oil circuit breakers 4786 and 4726 control 
straight radial feeders. 

Demopolis is 95 miles from Jordan Dam. Breaker 
5404, whieh is in the main line, is automatic reclosing 
and locks out after the second reclosure (third opening). 
This switch isolates trouble between Demopolis and 
Meridian and is equipped with impedance relays and 
with overload relays for back-up purposes. The low- 
voltage side of the bank is protected with automatic 
reclosing oil circuit breakers 5436 and 5432, both of 
which control radial feeders. 



The Cuba Primary Substation transformer bank is 
protected by one 44-kv. automatic reclosing oil circuit 
breaker which is set to lock out after the second re¬ 
closure (third opening). 

Breakers 102 and 104 at Meridian are equipped 
with overload protection, but no reclosing features. 
There are several 11-kv. automatic reclosing breakers 
installed in the Meridian Primary Substation on the 
radial feeders. 

In Conjunction with Specially Designed 
Accessory Switching Equipment 

The use of automatic reclosing high-voltage oil 
circuit breakers in conjunction with specially designed 
accessory equipment is common on the Alabama Power 
Company and affiliated systems. Fig. 6 covers an 
interesting application at Gulfport, Mississippi. 

The automatic switching scheme described includes 
tiiree distribution substations,—Gulfport, Edgewater, 
Gulf Hotel, and Biloxi,—with two lines connecting 


Gulfport and Biloxi as shown in Fig. 6. The source of 
power is Gulfport and the network is designed to elimi¬ 
nate interruptions, in so far as possible, to Edgewater 
Gulf Hotel and Biloxi. The loop is normally closed at 
Biloxi, through the two transformer banks and their 
low-voltage automatic reclosing breakers 1372 and 
1352. A transfer bus at Biloxi allows Pascagoula to 
be served from either the “back" or “front” line through 
the gang operated air-break switches 1203 or 1223. 
Normally, switch 1223 is open and switch 1203 is 
closed. The line to Pascagoula is equipped with auto¬ 
matic sectionalizing switch 1249, which isolates trouble 
on that line after the “back” line terminal breakers 
1352 and 1082 have opened twice within a one and 
one-half minute period. 

The Edgewater Gulf Hotel normally is fed from the 
“back” line through motor operated air break switch 
1111. In case of trouble on this line, switch 1111 
opens and motor operated air break switch 1115, whieh 
is normally open, closes at the end of 30 sec. and 
service is restored to the Edgewater Gulf Hotel. 
When permanent potential is again restored to the 
“back” line, switch 1111 automatically closes and 
switch 1115 opens, thus restoring the network to nor¬ 
mal again. The Edgewater Gulf Hotel does not suffer 
an interruption in the transfer from the “front” to 
the “back” line. The automatic switching scheme at 
the Edgewater Gulf Hotel does .not transfer from a 
deenergized line to a deenergized line. Neither does 
it transfer from an energized line to a deenergized 
line. If, for any reason, both lines become deener¬ 
gized simultaneously, then the switches correctly trans¬ 
fer the load to the first line to become energized. 

The proper sequence of the automatic switching 
operations of the loop is better explained by assuming 
individual cases of trouble on the three different lines. 
If trouble develops on the “back” line, breakers 1082 
and 1352 open. In 30 sec. motor operated air-break 
switch 1111 at Edgewater Gulf Hotel opens and 
1115 closes, providing there is power on the “front” 
line, thus restoring power to Edgewater Gulf Hotel. 
One minute after their initial opening breakers 1082 
and 1352 reclose. If the trouble is temporary, power 
is thus restored to Sections A and C. One and one- 
half minutes after breakers 1082 and 1352 reclose, 
switch 1111 at Edgewater Gulf closes and switch 1115 
opens, thus restoring the loop to normal. If, how¬ 
ever, the trouble is of a permanent nature, breakers 
1082 and 1352 lock-out after their second reclosure 
(third opening) and the Edgewater Gulf Hotel load 
under these circumstances is not transferred from the 
“front” line to the “back” line until the fault is re¬ 
moved and power is restored to the “back” line. 

Assuming a permanent case of trouble on the “front” 
line, both the automatic reclosing oil circuit breakers 
1072 and 1372 act as straight automatic reclosing 
breakers which lock out after the second reelosure. 
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When a permanent fault occurs on the line to Pasca¬ 
goula, the same automatic switching takes place as 
when trouble occurs on the “back” line except the 
automatic sectionalizing switch 1249 isolates the trouble 
after the second opening of breakers 1082 and 1352 
and service is restored to the “back” line by the re- 
elosing breakers 1352 and 1082, after which the Edge- 
water Gulf Hotel is transferred to the “back” line as 
previously explained. 

Conclusions 

There is nothing experimental about automatic re¬ 
closing of high-voltage circuits. Selection of breakers 
and choice of reclosing duty cycles should be made 
separately for each application, based on the various 
factors outlined. Highly reliable reclosing relays or 
reclosing devices are now available from various manu¬ 
facturers. While attendants at stations and substa¬ 
tions are made unnecessary by automatic reclosing of 
circuits, extremely careful and regular inspection and 
maintenance of breakers and reclosing equipment are 
essential. This is vastly more important than in the 
case of attended stations or substations. Even at 
points where attendants are stationed it is sometimes 
economical and desirable to install reclosing equip¬ 
ment, either to improve service or to reduce attendance. 

Discussion 

R. J. Wensley: This paper gives a brief historical rdsumd of 
automatic reclosing and to avoid the possibility of a false impres¬ 


sion from that history I should like to give just a few facts I 
happen to know from my own personal experience. 

The first use of periodic reclosing for service restoration, 
so far as I know, was quite a while prior to Mr. Spurgeon's 
experience. We installed a periodic reclosing equipment at 
Lancaster in 1916, built under the patents of F. E. Ricketts of 
Baltimore, Maryland, and a little later another type. 

Then in 1919 was developed the Type G R periodic reclosing 
relay which, with very minor modifications, is still the standard 
of the Westinghouse Company. The first specification of that 
was made in 1919 for the Guggenheim Copper interests, and in 
the same year for the Pennsylvania Power and Light Company 
at Allentown. 

The Alabama Power Company and their corps of engineers 
have done a most excellent job of applying automatic reclosing 
equipment to complicated networks, and in fact they lead the 
entire country in such application. It would, however, be unfair 
to the history of the art to say that the principal manufacturers 
just started the development of these devices in 1922. 

At the present time this motor-driven relay is in very extensive 
use in this country and abroad. One of the latest developments 
might be of interest. In this development ordinary d-c. solenoids 
are employed for opening a-c. breakers. The direct current is 
supplied by means of Rectox copper-oxide disk rectifiers con¬ 
nected to the a-c. system. This eliminates the more complex 
a-c. equipment and allows use of the simple d-e. solenoid in 
connection with the G R relay. 

That emphasizes something that the principal manufacturers 
are always striving for,—the use of standard apparatus. The 
development of special devices for specific purposes is frequently 
very expensive and when we can take a standard circuit breaker 
without alteration, and apply a few special pieces to enable 
automatic reclosing, or any other special function, we feel we 
have gained something for the industry. 
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Synopsis.—An appreciable saving may be made in construction removed can be reinstalled as new wire resulting %n a reduction of 
of overhead distribution systems by the use of bare conductors in the depreciation. 

place of weatherproof conductors. The reliability of the system will This paper outlines the advantages of using bare wires and gives 
be considerably increased with lower maintenance and operation also advantages of medium-hard-drawn as compared with annealed 
costs. Bare conductors have practically unlimited life and when conductors. 


F OR the purpose of furnishing the electrical industry 
with data concerning the use of bare wire and to 
assist in choosing between bare and insulated wires 
for overhead distribution systems, this paper was 
prepared. It shows relative costs of construction, 
maintenance, and depreciation with condensed data 
relative to unit weights and costs, and cost of lines and 
systems with bare and weatherproof wire. 

To give a comparison of cost for conductors of the 
sizes most frequently used in distribution circuits the 
following costs per 1000-ft. of bare and weatherproof 
wires are calculated assuming bare at 20 cents and 
weatherproof at 22 cents per pound. 


No. 6 Solid W. 

F. $24.64 

No. 6 Solid bare $16.00 

Saving $8.64 

35% 

No. 4 

36.08 

No. 4 

25.20 

10.88 

30% 

No. 2 Str. W. I 

>; 69.04 

No. 2 Star, bare 

41.00 

18.40 

31% 

No 1/0 

93.28 

No. X/0 

72.40 

20.88 

22% 

No. 4/0 

176.00 

No. 4/0 

130.60 

46.40 

26% 


An average saving on a number of distribution sys¬ 
tems would be about 25 per cent in cost of copper con¬ 
ductors if bare wire were used instead of triple braid 
weatherproof wire. 

The installation costs of barewire as compared to triple 
braid weatherproof do not vary directly with the weight. 
On short extensions of one or two or three spans the 
labor costs would be about equal, with some savings 
up tol5 per cent or 20 per cent on longer lines where 
the lesser weight of bare wire saves on transportation, 
splicing and setting up reels, etc. 

Construction men who have been installing and 
maintaining bare copper conductors for lighting and 
power secondaries, series street li g hting circuits and 
primaries, 2300-volt to 12,000-volt, express a very 
definite preference for it over the weatherproof wire. 

To operate satisfactorily it must be put up right, 
sagged correctly, and guyed sufficiently, but once put 
up right it does not stretch and cause excessive sag 
which periodically must be pulled up or re-sagged, 
resulting in a large saving in maintenance costs. 

No increase in horizontal spacing is necessary as the 
smaller sag required for bare conductors reduces the 
possibility of their swinging together. It has been 
found desir able, however, to provide additional vertical 

1. Distribution Design Engineer, Texas Power & Light Co., 
Dallas, Texas. 
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spacing where bare conductors are installed on vertical 
secondary racks and 12-inch separation eliminates any 
possibility of conductors getting together. Eight-inch 
spacing has been used in many places with no report of 
trouble from this cause. This increased spacing uses 
Up a foot more of pole height but very seldom requires a 
five foot higher pole. 

The life of weatherproof wire is comparatively short 
and it is often necessary to replace it with new wire 
after 10 to 20 years in service. The life of bare copper 
wire is unlimited. When weatherproof wire is removed 
from service after 10 to 20 years it usually has to be 
scrapped as the weatherproofing is deteriorated to such 
an extent that it is not practicable to reinstall it. Bare 
copper wire removed is worth practically the same as 
new wire and may be reinstalled. These two features 
alone will justify the use of bare copper wire. 

In many communities there is an ordinance requiring 
the use of insulated wires and weatherproof wire is 
often accepted by inspectors in such communities as 
meeting these requirements. When such ordinances 
exist steps should be taken to have them changed. 
The word insulation might be assumed by the courts to 
mean insulation sufficient to protect against voltage 
carried by the conductors. This was practical when the 
industry was in its infancy and many of the existing 
electrical ordinances were made at that time. Bare 
wire has been used in many instances even where 
insulated Wire is required. This has been permitted as 
it is realized that it is impractical to comply economi¬ 
cally with such an ordinance and install wires insulated 
for voltages from 2300 to 13,000 volts. 

Comparative estimates for constructing an 11-kv. 
distribution system in a small town to serve 60 
customers show a saving of 9.5 per cent in total con¬ 
struction cost by using bare in place of weatherproof 
wire. The saving in cost of conductors is 30 per cent, 
poles 9.4 per cent, and labor 5 per cent. . An estimated 
cost of a mile of No. 4 weatherproof medium hard drawn 
copper three-phase, 2300-volt line using 85-ft. poles 
spaced 200 ft. is $1625.00; No. 4 medium hard drawn 
bare using 35-ft. poles spaced 300 ft. is $1133.00, or a 
saving of $492.00 or 30 per cent in total cost of bare as 
compared to No. 4 weatherproof conductors. To 
summarize the above advantages in using medium 
hard drawn bare conductors for general distribution 
construction: 
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Saving in initial investment cost of conductors may¬ 
be from 15 per cent to as high as 30 per cent; poles and 
attachments 5 per cent to 10 per cent; labor 5 per cent 
to 20 per cent; with a total saving of from 15 per cent to 
30 per cent on rural lin6s and 5 per cent to 10 per cent 
on complete distribution systems. 

Yearly maintenance costs are 15 per cent to 25 per 
cent less for the reason that conductors do not have to 
be resagged frequently and there are less outages caused 
by breaks and conductors swinging together and burning 
down. 

Life of conductors is conservatively three or four 
times that of weatherproof. 

Practically no depreciation occurs in conductors; 
when salvaged they have practically the same value 
as new. 

Hazard to linemen is not increased as they are neces¬ 
sarily more careful. Hazard to general public is greatly 
reduced as lines do not break as frequently. 

General appearance is greatly improved. 

Medium hard drawn has decided advantages over 
annealed copper wire, having greater strength allowing 
greater spacing of poles, and considerable savings in 
construction cost. 

The use of bare medium hard drawn copper for over¬ 
head distribution systems conductor is worthy of con¬ 
sideration. It has been used on a number of systems 
in small towns and cities for a sufficient length of time 
to prove its worth. 

Advantages op Medium-Hard-Drawn over 
Annealed Conductors 

In designing or replacing distribution lines another 
point arises which is worthy of consideration, namely 
the economy of using medium-hard-drawn instead of 
annealed wire. Medium hard drawn copper conduc¬ 
tors have many advantages over annealed wire, princi¬ 
pally on account of the greater strength, being about 
25 per cent in No. 1/0, No. 2/0, and No. 4/0 sizes and 
35 per cent to 45 per cent in. No. 8 to No. 2 sizes. This 
increase in strength in the smaller sizes allows an 
increased spacing of poles in urban and rural districts, 
and in densely built up districts provides an added 
factor of safety which is very desirable as it affects 
hazard to the general public as well as reliability of 
service and maintenance costs. 

There is a very slight difference in electrical character¬ 
istics, the resistance of medium hard drawn being 1 to 
1.5 per cent greater than that of annealed copper wire, 
which is negligible in distribution system calculation. 

Joints in or taps to medium hard drawn copper wire 
used for overhead lines should not be soldered because 
annealing of the copper and decreasing its strength 
would result. There is a number of solderless connect¬ 
ors available. The cost of these installed is usually 
less than that of a good soldered connection. Various 
types have been in use for a number of years and no 
trouble has been experienced from these connectors 


working loose and causing loose connections. They 
are more flexible then soldered connections and are of 
great assistance in replacing conductors, disconnecting 
taps, services, etc. 

The increased working tensions of medium hard 
drawn copper conductors require more adequate guying 
to eliminate possibilities of anchors and guys creeping 
and conductors becoming slack. 


Discussion 

G. A. Mills: The use of bare conductor for distribution lias 
received a great deal of attention. Mr. Miller and his associated 
engineers arc probably tlxe leaders in this section of the country 
in the use of bare wire. 

I think we have to be careful in the application and rather 
divide the distribution system into several sections. For in¬ 
stance, rural sections and small towns should have one standard 
of construction, and the larger communities have another prob¬ 
lem. We have found in our larger cities especially, we cannot 
take advantage of the longer polo space. Narrow lots and the 
density of houses require a certain pole spacing to tako care of the 
service. Therefore, I fail to see in some of the cases that we can 
make or save any money on the polo-spacing feature. 

1 personally am in favor of insulated wire for secondary. I 
base this on experience in the loss of transformers due to contact 
between the conductors and on account of the legal requirements, 
feeling that ordinary weatherproof will oiler enough mechanical 
separation to give insulating valuo. On primary lines 1 agree 
with Mr. Miller, on account of the fact that only under unfavor¬ 
able circumstances will the insulation give protection in ease of a 
fallen line, which is our greatest hazard. 

The companies I am associated with have been experimenting 
with this problem. They are using a hard-drawn weatherproof 
wire to try to get half way between the soft-drawn and barn-wire 
situation. With harcl-drawn wire we feel we can maintain our 
clearances substantially as discussed by Mr. Miller. 

We are also experimenting with a load-oxide covering. It is 
too early to prophesy what we will find out but according to tho 
theory presented load oxide will reflect the violet ray which is 
responsible for the deterioration of the compound which holds 
tlie fiber together to make up the insulation and mechanical 
separation. 

J. E. Rose: In tho country along the Gulf Coast we have salt 
foam, shell dust, and dirt of various kinds blowing over the 
wires and there is no insulation that will hold. 

We have boon using bare wires for quite a while. We have 
found the main trouble with the bare secondaries is that small 
boys occasionally throw pieces , of wire into them. Wo have 
never had any other case of trouble with bare wire. On our field 
work of a very temporary nature we are using bare weatherproof 
triple-braided wire because that will stand up for about six 
months to a year, and the men are offerod some protection by it. 

We have used bare wire for all our primary lines. Our men 
are told that any wire that has no insulation is unsafe and we 
make them all safe by keeping them bare. 

J. B. Thomas: With regard to the advantages and disad¬ 
vantages of using bare wire, this is primarily an economic prob¬ 
lem. . We must first, however, be sure that we do not, by the use 
of bare wire, increase the hazard to either the public or bur 
employes. 

Some four years' experience has shown that with proper spac¬ 
ing, proper guying and construction methods in general, you can 
make bare-wire installation just as safe, in my judgment, as the 
weatherproof-wire installation can be made. You are working 
on the very sound principle that a man may take hold of a 
weatherproof wire thinking that the insulation has value and be 
seriously injured but the* bare wire speaks for itself as being a 
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tluns Dial must 1m handled carefully and with discretion. We 
iiutl that our accident* to employes, as nearly as we can tell, 
are lessened rather than increased by tire use of bare wire and so 
lar it appears that accidents 1o the public in general have been 
materially lessened because the construction is fundamentally 
stronger and the job generally better done. 

Having taken care of safety requirements, then, we come back 
to l ie basic economics or the problem and Mr. Miller’s paper 
dwelt largely on the iirsl-cost features. Those are important 
ami we are all working on lowering the first cost of all our con- 
st ruct ion. 


In addition to the first cost there is the cost of upkeep The 
serving of the average residence customer results in costs which 
am principally maintenance, operation, Accounting, and service 
lual tors so that the cost, of energy supplied is a small portion of 
the total cost. Experience shows that often in the life of an 
ordinary distribution system built with weatherproof wire you 
have to go back and pull slack and take up the stretch. You 
can get around that la a largo extent by using weatherproof 
hard-drawn wire*. 

Also about every ton yt*ars in this section of the country it is 
necessary to takes down a large part of the insulated distribution 
conductor because the insulation has become loose and hangs 
down in shreds and carries rain water from one conductor to -the 
other which makes trouble. 11 is quite general practise to figure 
on a substantial rebuilding of weatherproof wire distribution 
systems ill, say, Um years. Blit on a properly constructed 
transmission lino ■whom bare wire of adequate stre ng th is used, 
there is very little cost arising out of conductor maintenance. 

This is a question which has to bo worked out carefully and 
there are many problems. Jn my organization we have had 
some four years experience in bare-wire distribution, some in 
id ties of 50,000 and 60,000 people, without substantial troubles. 
Wo are installing our distribution systems at lower costs and the 
very considerable mileage already installed is being reflected in a 


decreasing curve of the cost per mile of maintaining distribution 
lines and services. 

S. M. De Camps I should like to ask what effect crystalliza¬ 
tion would have on hard-drawn wire. Will the wire be crystal¬ 
lized by swinging under the force of the wind? 

M. C. Millers We have had no trouble from that cause so 
far. We are using the medium-hard-drawn wire rather than 
the real hard-drawn. 

A. C. Scotts It would seem to me that the use of bare copper 
wire for the primaries might be very advisable but in considering 
the use of secondaries where there are numerous trees, for 
example, and opportunities for short circuiting, I should think 
bare wire would be likely to cause trouble. 

In connection with damage suits I have always found it 
difficult to convince the legal profession that the weatherproof 
insulation was placed on the wire for mechanical reasons rather 
than for protection. They always take the position that it 
should be a complete insulator. I think that if the primaries 
were universally of bare wire the question that always arises 
in that respect would be well answered to begin with, as it now 
is for high-voltage circuits. 

M. C. Miller: In some of the towns in which we have 
distribution systems there is a large number of trees. The 
secondaries are not far below the primaries and it is necessary 
to keep the primaries above the trees. So we trim the trees, 
if necessary, or put in higher poles so we can get the secondaries 
also above the trees. With secondaries run through trees, 
especially if they are dense, weatherproofing doesn’t last. Where 
we have gone through.small trees, with increased spacing of 12 
in. between conductors, the conductors don’t get together as 
readily as weatherproof would. There is a little less slack in 
them and it is a little harder to pull them together. We haven’t 
had much trouble, but where possible we keep them out of the 
trees. 
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Synopsis.—Interconnected electric service in the Southwest has 60,000 volts or more. This system extends 720 mi. from East to 
kept pace with the country as a whole. Eight states are now con~ West and 810 mi. from North to South. A description of the system 
nected by a continuous transmission system , operated at a voltage of is given in this paper. 


A few years ago the supply of electrical energy in 
the Southwest centered around the larger com¬ 
munities, obtaining such supply from steam plants 
located within the boundaries of the city. The nearby 
communities were served by moderate voltage trans¬ 
mission lines radiating from these plants. 

In the arid sections of the district where condensing 
water is scarce, oil engines were used extensively as a 
basis of power generation and for load development. 

In the past few years development has progressed 
with the expansion of existing power plants and the 
extension of transmission networks around the larger 
urban areas. In the northern section of the district 
this development has practically covered a majority of 
the territory; however, in the southern portion there 
still exist many scattered small plants and low voltage 
transmission systems. 

The great industrial development which started a few 
years ago and is now under way, has brought about a 
change. The small plants and low voltage networks 
were not only unable to furnish the capacity needed but 
were unable to serve economically the large industries 
demanding a power supply. This brought about a con¬ 
solidation of the smaller properties into larger operating 
groups, the constructing of higher voltage transmission 
lines, and the development of larger base load plants. 

Such development, in providing an ample supply of 
economical energy, has stimulated general expansion 
in all lines of activity such as agriculture, by providing 
an energy supply for irrigation pumping, gins, oil 
mills, creameries, condenseries, cheese factories, and 
general service to the farm; refrigeration; mining, 
smelting, and quarrying; saw mills, paper mills, and 
other wood product industries; the oil industries, in the 
electrification of drilling and well pumping equipment, 
refineries, pipe line pumping stations and compressor 
stations; and last but not least, has improved the stand¬ 
ards of city life in industrial, commercial, and domestic 
activities. 

The general territorial growth has been so rapid that 
at the present time the larger operating groups have 
covered the intervening territory so the border trans¬ 
mission lines have been interconnected, thus bringing 
about the present interconnected network. These 
interconnections have been a natural procedure since 
the operating executives and transmission engineers 

1. Chief Engineer, Central & Southwest Utilities Company, 
Dallas, Texas. 

Presented at the Regional Meeting of the South West District of the 
A.I.E.E., Dallas, Texas, May 7-9,1929. 


have in most cases selected similar distribution voltages 
from sixty to seventy thousand volts with the idea of 
interconnection in the future. This selection was made 
necessary on account of the great distances between 
load centers and the scarcity of favorable plant locations 
near the load centers, requiring a high distribution 
voltage to take care of the situation properly. 

The skeleton transmission map. Fig. 1, shows the 
present interconnected lines operated at 60,000 volts 
and higher voltage. The map also shows the location 



Fig. 1—Interconnected Transmission System of the 
Southwest 


of points of interconnection between various operating 
groups and the major power stations. 

The great distances between power supply points is 
evident by an inspection of the map. It is to be noted 
that the distance of continuous interconnected line 
stretching from Memphis, Tennessee, to the Ozark 
hydro plant in Missouri, is 1500 miles. . The intercon¬ 
nected territory from east to west is 720 miles wide and 
from north to south is 810 miles in extent. 

Interconnection Contracts 

The first interconnections made in the Southwest 
were the result of smaller operating companies purchas¬ 
ing energy from the larger companies having excess 
prime capacity. The contracts covering these inter¬ 
connections and the rates used therein were based 
entirely on the purchase of prime energy. During the 
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past two years several new interconnections have been 
made under contracts wherein it has been desirable to 
utilize the excess capacity of a company which has 
installed a large power unit ahead of its own customers’ 
requirements. These contracts provide for the mutual 
benefits of interconnection in meeting operating emer¬ 
gencies and provide for emergency operation of standby 
plants to hold total plant investment to a minimum cost. 

Executives and engineers are fast recognizing the 
desirability of such mutual contracts since they provide 
a method of keeping the reserve capacity to a minimum 
and allow the installation of larger, more economical 
prime movers, resulting in greater economies and better 
service to the customer than if the developments were 
made independently. 

Power Supply 

Table I lists the principal operating plants in the 
Southwest connected to one interconnected network. 
It is to be noted that of 1,415,475 kilovolt-ampere 
capacity, only 22,500 kilovolt-ampere is hydro. 


TABLE I 

PRINCIPAL OPEBATING POWER PLANTS 


Name or location 

Capacity 
in kv-a. 

n*flrir Beach, Mo. 

11,250 

Riverton, Kfl" 0 .... 

72,000 

Neoshft- Tfan... 

50,000 

Wichita, Kan. T .. 

37,500 

Harrah, Okla. 

81,250 

River Bank, Okla. 

28,125 

Byng, Okla. 

21,900 

nidahnma City, Okla. r . 

12.500 

17.250 
14,700 

37.500 
18,750 
10,600 

11.250 
18,750 

6,250 

12.500 

22.500 

13.500 
38,000 
55,000 

103,000 

50,000 

15,000 

37.500 
9,375 

101,850 

16.500 
13,375 
11,250 

67.500 
6,875 

75,000 

36,125 

11,250 

Bell TslanH, Olrla. 

Sand Springs, Okla. 

West Tulsa, Okla. 

Weleetka, Okla. 

McAlester, Okla. 

Lawton, Okla. 

Lake Pauline, Tex. 

Abilene, Tex.. 

San Angelo, Tex.. 

Girvin, Tex. 

Wichita Falls, Tex. 

Leon, Tex... 

Ft. Worth, Tex.... 

Dallas. Tex. 

Trinidad, Tex. 

Waco, Tex. 

Shreveport, La.... 

Texarkana, Ark...._:. 

Sterlington, La. 

Little Rock, Ark..... 

Pine Bluff, Ark. 

Remmel, Ark. 

Memphis, Tenn.. 

Jackson, Miss.. 

Comal, Tex. 

San Antonio, Tex. 

Victoria, Tex. 

San Benito, Tex... 

26^250 

125,000 

35,000 

6.4,750 

9 800 

Deep Water, Houston. Tex. 

Gable Street, Houston, Tex. 

Neches Plant, Beaumont. Tex. 

Port Aithur, Tex. 

Saliira River, Orange. Tex. 

o!ooo 


Total. 

1,415,475 


Prime movers 


Hydro 

Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine • 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Hydro 

Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 
Steam turbine 


The largest and most recently constructed plants in 
this territory have been laid out with the idea of utilizing 
the interconnected lines in disposing of the excess 
energy. ^ In several cases single unit plants were oper¬ 
ated, using the interconnected lines to other plants as 


reserve capacity until the load reached a point justifying 
a second unit. At the present time four such plants 
shown in the lists are operating on this basis. 

The future power supply will be from the expansion of 
present base load steam plants located where condens¬ 
ing water is ample and fuel economical, and from future 
hydro plants in west Texas, northwest Arkansas, south¬ 
ern Missouri, eastern Oklahoma, and south Texas. 
All of these developments are made possible on account 
of interconnections since the projects offer capacities in 
excess of local requirements. 

The proposed hydro developments are of unusual 



Pig. 2 —Typical Structure Used in the Southwest for 
66-Kv. and 132-Kv. Transmission Lines 

interest since the lakes created will be utilized for flood 
control and in south Texas the water impounded will be 
of untold value in providing water for irrigation down¬ 
stream from the dams. The largest sites are in the 
Texas Big Bend country of the Rio Grande, miles away 
from any industrial development. 

Line Construction 

The present tendency in interconnecting line con¬ 
struction is the use of not less than No. 4/0 conductor 
supported on H-frame creosoted Southern pine pole 
structures, spaced for 132,000-volt operation, located 
on private right-of-way following the shortest path 
between power supply and load centers or interconnect¬ 
ing points. A typical pole structure is shown on Fig. 2. 

Steel towers in the Southwest are only used for special 
crossings, multiple circuits away from plants and sub¬ 
stations, through congested urban areas, and in one or 
two cases, for double circuit lines. 

Operation 

Successful interconnection operation between several 
operating companies under different ownership has 
been accomplished in the Southwest. The total inter¬ 
connected network is normally operated in four groups, 
Arkansas, Louisiana, Mississippi, and eastern Texas in 
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one group; the balance of Texas and southwestern 
Oklahoma in a second group; the balance of Oklahoma 
and northwestern Arkansas in a third group; and Kansas 
and Missouri in the fourth group. The largest group is 
that in Texas where seven large operating compa¬ 
nies under five different ownerships normally operate 
connected. 

The rapid industrial growth of Texas has been the 
result of this interconnected system, especially in the 
arid regions of west Texas where transmission service is 
necessary to transmit the energy from distant plants 
located where circulating water is ample and an eco¬ 
nomic supply of fuel is obtainable. 

Future Problems 

On account of the great distances covered by single 
circuit or loop transmission lines and the remote loca¬ 
tion of base load plants, greater dependence, on trans¬ 
mission line service is a necessity. The future engi¬ 
neering development must take into account the deliv¬ 
ery of energy to the customer at the same general costs 
experienced elsewhere by increasing the reliability of the 
present and future transmission systems as well as the 
development of more economic plants to overcome the 
longer transmission distance between power supply and 
consumption. 

The engineers in the Southwest are actively at work 
on these problems and through studies now in progress 
are keeping pace with similar work throughout the 
country to determine the proper construction to render 
the maximum’service. 

Future Interconnection 

The future interconnections in the Southwest will 
require greater capacity lines and voltages in the 
132,000-volt class to shift the increasing blocks of 
energy; lines designed with higher flashover voltage 
characteristics; use of regulating transformers with tap 
changers which may be adjusted under load and the use 
of synchronous condensers to deliver the voltage regula¬ 
tion required on such long lines as well as the design 
of more economic plants, and most important of all, 
interconnection contracts which will make the maxi¬ 
mum economic use of the combined facilities. 

The future holds forth more reliable transmission 
service, increasing number of interconnection points, 
higher voltage and higher capacity per single transmis¬ 
sion circuit, better voltage regulation methods, more 
steam plants with larger economic units located where 
circulating water and cheap fuel is ample, large hydro 
plant developments, and better contractual cooperation 
in the operation of the combined plants to give the cus¬ 
tomer the maximum service at lowest possible cost. 


Discussion 

J. B. Thomas: Perhaps it would be of interest to point out 
that the density of load on the transmission network in Texas is 
approximately 1 Yz kw. for each square mile of the whole terri¬ 
tory involved. The cardinal plants listed in Texas aggregate 
350,000 kv-a., that is, plants over 5000 kv-a. capacity. 


The area of our state is about 254,000 sq. mi. Of course, 
there are many places of greater load density but with the 
widely spread load, with limited cooling water, and with fuel 
supplies not closely spaced, We are primarily up against a trans¬ 
mission problem. Our experience has shown that we can operate 
in this area to the advantage of customers by cutting down the 
investment in plants through means of the interconnections 
which afford reserve sources of power supply and which obviate 
the necessity of duplicate transmission lines where large areas 
are dependent almost entirely on transmission-line service. 

The determining factor in operating an interconnecting system 
as large as that of Toxas is the good sense and neighborliness of 
those who own the various properties that interconnect, and it is 
only by broad constructive thinking and action that this inter¬ 
connection is made passible, and without the interconnection it 
would be impractical for this area covered by Mr. Mills' paper 
to have anything like the power supply available that it now has. 
We are very proud that in this area a substantial industry, can 
get electric power at whatever point in the area its market and 
raw material and labor supply indicate that the plant, ought to 
be located. 

It occurs to me to mention also that with these long trans¬ 
mission distances, (there are only ten of these larger plants in 
these 250,000 sq. mi.), our studies show that the availability of 
service in the area compares very favorably with the availability 
of service anywhere in the country and is exceeded only by the 
availability in the metropolitan centers. Out on these long 
transmission lines where important loads are served, hundreds of 
miles from generating stations, 99.66 per cent of all the hours 
that elapse carry with them full electric service on this network. 

R. J. Wensley: In Mr. Mills' discussion of interconnection 
he speaks of the physical and financial advantages, which are 
unquestioned. It happens that when interconnections become 
- vory largo and the connection is very intricate, many engineering 
problems arise. Mr. Mills stressed the need for reliability of 
service and apparently Texas is getting a very high degree of 
reliability, but looking for still better. 

Many people think that interconnection simply means building 
transmission lines and connecting them together. There is 
much more to interconnection than just that. For instance, 
there is the control of voltage at the various operating centers 
without causing disagreeable circulating currents or very poor 
power factor to some of the plants. The manufacturers have 
been cooperating on the problem of interconnection by building 
large transformer units with tap changers which can change the 
voltage ratio under load so that the ideal voltage and power- 
factor conditions can be secured at every important distribution 
ceil tor. So, in planning for such interconnections do not forget 
the advisability of voltage control in the transformer units. 

Then we have the question of system stability which grows 
more important with every tie, every increase in the size of the 
system. ’ There, again, the manufacturers have been cooperating 
with the development of quick-response excitation systems which 
will maintain the synchronous operation of generating and 
condensing equipment so that the systems will not fall out of 
step under severe surge conditions. 

A great deal of very expensive development work is being 
carried on at the present time. Exciters are being built with 
totally laminated field structures and voltage ranges up to six 
or eight times the normal excitation voltage so that tremendous 
excitation can be thrown on generator fields to secure this kind 
of stability. So the excitation must be watched to see that 
adequate means are provided to maintain this desired stability. 

Then, tremendous amounts of money are being spent on the 
development of relay systems to secure effective sectionalization 
of interconnected systems. It hasn’t been very many years 
since selective timing was considered adequate for all relay 
practise and the induction disk, relay became very prominent 
because of its ability to secure that selective timing. Today 
selective timing is a small part of it and the impedance-type 
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relay and many other forms of new relay methods have been 
developed to permit such successful sectionalizing of the trans¬ 
mission network. So, wherever you plan to tie together two big 
systems with one or more ties, do not forget to have a careful 
relay analysis made because if you don’t you are liable to find 
poorer service after you get the tie put in. 

One of the most important things in the operation of a big 
interconnection is the ability of the dispatching center of each 
of the systems to be able to communicate freely and dependably 
at all times with the dispatching centers of the other connected 
systems. No better means of communication exists than the 
transmission lines themselves, and there again the manufacturers 
are cooperating by carrying on extensive developments in the 
guided radio types of communication systems permitting the use 
of the transmission-line networks for the carrying of the voice of 
the dispatchers to distant points. When we first started on this 
work a few years ago it was thought that all that was necessary 
was to couple a radio transmitter to a line and then hook on a 
receiver anywhere and we ought to be able to hear. The phe¬ 
nomena of standing waves, of short spurs with their reflection 
losses, and differences in lengths of connecting tie lines with the 
resultant phase angles of the received energy were not thought 


of, and on many a line when a receiver was hooked on and a 
transmitter was put on the other end, nothing was received and 
it wasn’t possible to find out why. 

We have now reduced the analysis of transmission networks 
to an exact science, and given the precise measurements of trans¬ 
mission systems we can predict in advance by calculation the 
exact results to be obtained. We had a case not long ago where 
we applied a certain type of filter choke to a line supposed to 
be 13.5 mi. long. The thing wouldn’t work. We said that the 
survey was probably incorrect. We ran a frequency run on the 
line and said it was 12.3 mi. long. The line was surveyed again 
and proved to be 12.35 mi. long. The electric survey using the 
variable-frequency method was more precise than the map the 
utility company was using. So you can see we have reached a 
degree of precision of such means of communication as to permit 
of real service. That is another thing to remember when plan¬ 
ning your interconnection. Don’t forget the necessity for very 
dependable communication. 

G. A. Mills: There are many things which are going on'that 
cannot be presented in a short paper. Mr. Wensley has brought 
these to my mind. We don’t know yet how we shallj3oive all 
of them but we hope to solve them soon. 



Electrification of Oil Pipe Lines 
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Synopsis.—This paper briefly reviews the history of electricity as practise is shown. The last five years have seen rapid advances 
motive power for oil pipe line operation and notes some of the in the methods of underground transportation of petroleum and the 
reasons for, and the results of, its rapid development in the South- paper reviews some of the present tendencies in design of the modem 
west. Some attention is paid to the method of serving these loads oil pipe line station, 
from transmission lines and the tendency of modern pipe line ***** 


Introduction 

URING the last two decades, most of the crude oil 
produced in the United States has been moved to 
the refineries, ports, and markets through under¬ 
ground steel pipe lines. The oil was forced through 
these lines by means of reciprocating pumps driven by 
steam engines or oil engines. 

About three years ago, a number of factors developed 
which allowed, and in fact required, the extensive em¬ 
ployment of electric power for pipe line pumping and 
this system has now proved highly successful. 

The chief factor in this adoption of electric drive was 
the recent discovery of vast quantities of oil in new 
fields in Texas and Oklahoma. This required immediate 
and quick construction and operation of more and 
larger pipe lines. t 

Electrical pumping was the solution for several 
reasons. The proposed pipe lines were to pass 
through rough and dry territory having few high¬ 
ways and fewer railroad facilities. This condition was 
favorable to the electrical equipment as it is lighter and 
more easily transported than Diesel or steam equip¬ 
ment. Furthermore, the available water was generally 
unsuitable for Diesel engine cooling. Steam for heating 
the oil was not necessary in the moderate climate in 
this region. Moreover, electrical equipment had given 
very satisfactory service in other applications in produc¬ 
ing oil. 

Considering all these conditions, one pipe line com¬ 
pany electrified 150 mi. of 10-in. line and the results 
were very satisfactory. Later, when the immense 
Permian Basin fields in southwest Texas were dis¬ 
covered, electrical pumping was installed by several 
companies operating in that area. 

One of the companies electrified 400 mi. of 10-in. 
line, extending from McCamey, Texas to Healdton, 
Oklahoma. This line is served by the transmission 
systems of three power companies and at this writing 
has been in successful operation for six months, meeting 
all expectations as to continuity of service and economy 
of operation. A second company built and electrified 

1. Electrical Engineer, Magnolia Petroleum Co., Dallas, Texas. 
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125 mi. of line from McCamey to Del Rio, Texas with 
the same satisfactory results. A third company ex¬ 
tended their lines from Crane through DeLeon, Texas 
to the Gulf, a distance of 650 mi. This line has 19 
stations, 14 of which are completely electric-driven, and 
the remainder partially so. A fourth company has now 
under construction 450 mi. of 10-in. line with 11 motor- 
driven centrifugal pump stations and this line has been 
in operation since January 1,1929. 

The first pipe line company mentioned is now en¬ 
gaged in building a line from McCamey in West Texas 
to tide-water at Houston, a distance of approximately 
425 mi. According to present information, this line 
is to be motor-driven. 

In most of the cases a specially developed centrifugal 
pump is used. The centrifugal pump has the advan¬ 
tages of non-pulsating delivery, ability to handle oils 
of various viscosities, ideal characteristics for booster 
service, and low first cost. 

Several years ago, before this type had been developed 
for oil-line pumping, the only available centrifugal 
pumps for the deliveries and heads required were 
boiler-feed pumps. These were tried and it became 
immediately evident that they were unsatisfactory. 
Pump efficiencies were 55-60 per cent and this alone 
precluded their use in oil line pumping. The centrif¬ 
ugal pump manufacturers attacked the problem from 
all angles and the so-called “high efficiency”’ type of 
multi-stage centrifugal pump came into being. New 
theories of centrifugal pump design were developed; 
casings and impellers were redesigned; internal losses 
were analyzed and reduced as far as possible and the 
mechanical details received much attention. Stuffing 
boxes and bearings were redesigned, and from it all, 
came the present oil line centrifugal pumps with higher 
efficiencies than had even been hoped for just a few 
years previously. 

As to the electrical features of the typical motor- 
driven pipe line station, there is no departure from 
modem substation practises. A wiring diagram of a 
typical station is shown in the accompanying illustration 
(Fig. 1). Greater attention perhaps has been paid 
to the construction of flame-proof installations. Some 
of the companies favor separating the motor from 
the pump by means of metal fire walls; others install 
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them all in one room. It seems that personal opinion 
of the engineers of each company determines the policy 
to be pursued. 

Squirrel-cage induction motors are used in all cases. 
Motors have been of all standard voltages but the 
present trend is toward the use of 2200 volts on all 



Fig. 1.—Typical Oil Pipe Line Pump Station 
O il line Triring diagram 


motors above 50 hp. Oil circuit breakers are usually 
installed on incoming lines and these are provided with 
the usual overload, undervoltage, and over-pressure 
protection. 

As to the actual cost of moving oil through pipe lines 
by means of electric power, it is impossible to give any 
accurate figures unless all the conditions of service 
are known. The various factors, such as efficiency, of 
motors, efficiency of pumps, friction of station piping, 
rate schedules, discharge pressures, etc., all enter into 
the final analysis. 

Below will be found a tabulation of electric pipe lin e 
station performance, based on crude oil of 80 Sec. 
Saybolt Universal viscosity at 60 deg. fahr. and at a 
discharge pressure of 700 lb. per sq. in. 


PIPE LIKE "A” 


Reciprocating Pumps 


Station 

Months 

Barrels 

pumped 

Total 

kw-hr. 

Barrels 
per kw-hr. 

1 

9 

7,625,280 

1,959,700 

3.88 

2 

9 

7,658,579 . 

1.959,500 

3.91 

3 

9 

7,633,049 

1,829,900 

4.17 

4 

9 

7,653,164 

1,819,600 

4.22 


PIPE LINE "B” 
Reciprocating Pumps 


Station 

Months 

Barrels 

pumped 

Total 

kw-hr. 

Barrels 
per kw-hr. 

5 

6 

4,750,768 

1,202,900 

3.96 

6 

10 

6,538.992 

1,634,000 

3.98 

7 

6 

4,480,040 

1,122,600 

4.05 

8 

10 

6,519,459 

1,616,100 

4.03 



PIPE LINE "i 

0” 



Centrifugal Pumps 




Barrels 

Total 

Barrels 

Station 

Months 

pumped 

kw-hr. 

per kw-hr. 

1 

12 

6,761,903 

2,618,800 

2.58 

2 

9 

! 7,138,178 

1,052,700 

4.32 

3 , 

12 

8,132,583 

2,444,600 

3.31 


To meet the demands on their various generating 
stations and transmission systems, power companies 
serving the Southwest have had to make extensive 
additions, improvements, and extensions. Intercon¬ 
nections have been worked out and the service rendered 
has been, as a whole, very satisfactory to the pipe line 
companies. 

In laying out transmission lines to serve pipe line 
loads, the importance of the absolute necessity to 
maintain continuous service must be considered. Pipe 
line systems having small ballast or surge tanks at each 
station do not provide storage capacity sufficient for 
an appreciable shut-down and a continuous supply of 
energy must be maintained at all times. To supply this 
demand, if at all possible, pipe line services should be 
supplied from a system having a two-way feed, with 
necessary switching apparatus to quickly sectionalism 
all transmission line faults. 

As a source of constant revenue, pipe line loads are 
very desirable to the power companies. Revenues are 
the maximum on account of the high load factor. The 
average monthly load factor of one of the southwestern 
pipe lines for the last twelve months has been 86.6 
per cent and from present indications it will continue as 
high for the next four years. These loads are desir¬ 
able also on account of the ease of service. No ex¬ 
tensive distribution facilities are necessary to secure 
the revenue. In many cases in Texas and Oklahoma, 
station locations are within sight of the transmission 
lines. As to the power factor of these loads, if the 
station is correctly designed, the motors driving the 
pump should be fully loaded and the power factor 
should be between 76 per cent and 87 per cent. Certain 
high-speed centrifugal pump motors, tested under field 
conditions, showed a power factor of 87 per cent. If 
the rate schedules contain a power factor clause with a 
penalty and premium rider, the use of condenser equip¬ 
ment by the pipe line company would be justified in 
most cases. 


Conclusion 

It is felt that the electrification of oil pipe lines is 
completely justified by the success of present installa¬ 
tions. The time of installation is only half that re¬ 
quired for Diesel engine equipment. The operators 
are easily trained to handle the electrical installations. 
Their operation on units of a transmission system 
having several sources of power is just as satisfactory 
as the present oil engine-driven stations. In general, 
shut-downs due to transmission line faults are less 
frequent than shut-downs due to failure of mechanical 
equipment. Cost of operation compares favorably 
with oil-engine driven stations. The hear future will 
see many advances in pump construction and in electric 
pump station design and a consequent increase in 
over-all efficiencies. 
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Discussion 

W. C. Dreyer: Mr. Levy mentioned that synchronous 
motors and squirrel-cage motors are used for this application. 
It seems to me there is a very definite field for the use of the 
wound-rotor motor. There are operating conditions on pipe 
•lines whore they want to run the station at reduced capacity. 
Much higher efficiency may be obtained at reduced capacity 
with wound-rotor motors than if the discharge valves of the 
centrifugal pumps are choked down to reduce the pressure. 

Regarding the synchronous motors on contrifugal pumps, I 
don’t believe they will he used as extensively in the future as 
they have been in the past. When these original major pipe line 
installations wero made there was a very great difference in 
efficiency between the squirrel-cage motor and the synchronous 
motor. About the best efficiency on squirrel-cage motors of 
that size was 01.5 to 92 per eont. During the last year or two, 
by using silicon iron laminations and special end rings on the 
rotor, it has been possiblo to raise the efficiency to about 94.5 
per cent. This cuts down the margin of efficiency of the syn¬ 
chronous motor, which was 95.5 or 90 per cent on motors of 
that size, so that the lower cost and greater sturdiness of the 
squirrel-cage motor is not compensated for. 

On the subject of choico of motors there is a feature that, 
hasn’t been mentioned, automatic control of pipe lines. The 
squirrel-cage motor will bo much more adaptable to automatic 
control when it bocomos general, as only a starting operation is 
necessary. It is a simple matter to operate a station entirely 
automatically by the pressure in the line or by remote control. 
Though this is done it will be a long time before the labor at the 
station will he ontiroly eliminated. Tho investment and the 
combustibility of the fluid will make it very desirable to have 
one man at a pipe-lino station subject to call by an alarm system 
or some such device. 

D. H. Levy* 1 should like to answer Mr. Droyor’s question 
about synchronous motors. The nature of the fluid, as ho 
mentioned, is inflammable. The slightest leak at a flange or 
valve, with 700 lb. of pressure, produces an oil vapor ready to 
fire. With a standard synchronous motor you have some 
arcing at the collector rings with attendant liability of an explo¬ 
sion. You also have to have an exciter, increasing the mainte¬ 
nance of another piece of rotary apparatus. You do, kowovor, 
gain two or throe points in efficiency. 

To use synchronous motors successfully as applied to direct 
connected oil pipe line pumps, you should have fire walls between 
the drive and the driven unit, necessitating two different rooms 
with packing glands on the shaft between them. You have one 
operator operating these two stations and he is going to be on 
one side or the other of the fire wall. Ho doesn’t got a whole 
view of tho situation when he stands at the switchboard or gage 
board and operating troubles may result, due to the human 
factor. Our experience has been that we can install induction 


motors as closely as wo want to the centrifugal pump with 
practically no danger of fire hazard. 

Some companies are starting to install control apparatus in 
separate rooms. That defeats the purposes of inspection or 
observation. The normal crew of a pipe-line station, electric 
driven, is four men, chief engineer and three engineers, with no 
oilers or operators. These stations have no telegraph operators, 
using the telephone only for dispatching. That leaves one man 
always on duty. 

Our company has gone so far as to try to perfect an automatic 
control for pipe-line stations controlling centrifugal pumps cut 
in to the line, by-passed by check valves. One unit is started 
by a rise in pressure on the incoming line. If the station ahead 
happens to put another unit on the lino to bring up the pressuro 
to 700 lb. (or other final pressure) in turn the pressure will bo 
reflected at the station in quostion and No. 1 unit will start. 
It will have a tendency to pull down the suction and increase the 
pipe-line discharge pressuro. This is held for 15 sec., using a 
timing relay. If conditions are still stable or become so, then 
No. 2 unit starts and pulls down tho suction again to normal. 
We have four of those in Texas that were not entirely successful 
on account of the station ahead being a reciprocating station 
driven by oil-engine units. If one of the oil engines happens to 
miss fire two or three times, the speed decreases and down goes 
the pressuro and the unit is stopped, then it picks up and comes 
back again. We try to minimize tho surge conditions (at least 
the starting condition, duo to surges), by installing more timing 
devices. So far we have found these fairly practicable. 

The ideal condition would be to havo one originating station 
and a series of booster stations cut in to the lines with only 
ballast tanlcs. Wo do install over-pressure protecting devices 
off all our electric stations. Prior to the electrification work we 
had lost many lines duo to excessive pressure. If a man happens 
to switch from one tank to another and forgets to open the valve 
before he has closed the valve on the line, up goes the pressure to 
approximately 1000 lb. I have seen as much as 22 ft. of lineal 
rip in an 8-in. line with consequent loss of time and oil. So we 
put over-pressure protecting devices set 25 to 50 lb. above nor¬ 
mal operating pressure. Pipe lines used for 700 lb. of pressure 
have an ultimate strongtli for 10CK) lb. The thickness of the 
walls of the pipe is about M in. Consider the erosion of two or 
three years and you see how close to the safe limit wo operate, 
Tho tendoney now is to use slightly heavier pipe and* higher 
oporating pressures. 

As to the use of wound-rotor motors, we would still have the 
same trouble as to fire hazards. The use of totally enclosed 
motors lire vents the desired inspection. Our company prefers 
to use the induction motor with automatic and hand starters. 
We try to limit as far as possiblo the number of sizes, speeds, 
and voltages. All except the motors used in oil production work, 
are now of the standard 2200-volt type. 
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Synopsis . —Study of transformers has been under way for some 
time to coordinate the strength of transformers and transmission 
line insulation under lightning conditions. This study has taken 
two forms: first, the transient dielectric strength of the line end of the 
winding and second, the distribution of transient voltages and there¬ 
fore the stress caused by them throughout the winding . 

Theoretical studies and spark-gay tests of transient voltage 
distribution in transformer windings have been previously published 
by the Institute. Since then an extensive study of transient voltage 
phenomena has been made by the cathode ray oscillograph on power 
transformers connected to a short transmission line and subjected to 
artificial lightning waves sent along the line. 

The effects of the transmission line, concentrated inductance , and 
transformer entrance bushings on traveling waves were studied, 
as well as the effect of traveling waves of various service conditions 
in producing internal oscillations in ordinary transformers. 

The non-resonating transformer was studied under similar 
conditions. 

A striking agreement between the oscillographic records and 
theoretical conclusions previously published was found, sufficient to 
establish beyond any doubt the following conclusions: 

1. Very high voltage oscillations occur throughout the entire 
winding of even a grounded neutral transformer. 


3. Points of the winding near the grounded neutral may rise 
to 95 per cent of the crest voltage of a very short traveling wave 
(three microseconds long). 

3. Entrance bushings have a negligible effect on the shape of the 
incoming traveling wave. 

4 • In case of sudden voltage changes, concentrated inductance in 
series with the transformer, unless by-passed by a suitable device , 
causes rise of voltage across the transformer terminals as well as 
internally in the windings. 

5. Arc-over of line insulators by a traveling wave produces 
severe oscillations in a transformer the amplitudes of which are 
roughly proportional to the arc-over voltage of the line insulators. 

6. Grading the insulation between high voltage and low voltage 
and ground in ordinary transformers with grounded neutral is a 
dangerous practise when the transformers are subject to lightning. 

7. All the above conclusions apply to concentric winding core 
type as well as interleaved and shell type transformers. From 
theoretical studies the non-resonating type of transformer has been 
developed and its action checked by tests. This type of transformer 
eliminates voltage oscillation within the winding and therefore local 
concentration of transient voltage . 

* * * * * * 


Introduction 


T HIS paper, which deals particularly with the effect 
of lightning and other transient voltages on 
transformers, is one part of an extensive co¬ 
ordinated investigation covering all of the various 
phases of the lightning problem which has been under 
way for a number of years in the high voltage engi¬ 
neering laboratory at Pittsfield. Other papers of this 
series on other phases of the problem have already been 
published. 2 


Part I 


lightning, and to some extent other transient 
voltages such as are caused by switching surges and 
arcing grounds, have always been a serious source of 
failures of high-tension lines and apparatus, including 
transformers. 

Transformers are in general reliable pieces of ap¬ 
paratus; in fact, their reliability is probably higherthan 
that of any other electrical apparatus, but a small 
percentage of failures does take place and the majority 
of these is probably due to lightning 

This is not only because surges are frequently of very 
high voltage, but in regard to their effect on trans- 


•With an Appendix, Present Status of the Cathode Ray Oscill 
graph, by H. L. Rorden and J. C. Dowell. 

o' w°^r° f T, the aeneral Bleetri e Company, Pittsfield, Mas 

tonf V7 F-® k ’ Lightnin 9’ A - I- E. E., Trans. Vol. 4 
p. 1205, Vol. 4/, p. 1131; Vol. 34, p. 1857; A. I. E. E. Quarter 
Trans., Vol. 48, April 1929, Frank. Inst. Jl., Feb. 1925. 

Presented at the Regional Meeting of the South West Distri 
No. 7 of the A. I. E. E., Dallas, Texas, May 7-9,1999. 


formers and similar apparatus, it is because lig h tning 
voltage waves are of steep front, while switching surges 
and arcing grounds are often of relative high frequency. 

The effect on transformers of high-frequency oscilla- 
• tions and steep front waves, are to some extent similar 
and a discussion of the effects of lightning in a measure 
covers the effects of other high-voltage transients. 

Previous studies of these phenomena have been either 
theoretical or tests by spark-gap measurement. Since 
the cathode ray oscillograph is a new tool which enables 
one to record values almost instantaneously and ob¬ 
tain complete wave forms of phenomena lasting a few 
microseconds, it seemed desirable to use this device 
for such a study. 

Part II 

Lightning Failures op Transformers 

Transformer failures sometimes occur directly through 
the major insulation from high-voltage winding to low 
voltage or ground, either near the terminal or in the 
main body of the winding. 

Failures are more liable to occur between turns or 
coils of the same winding or in auxiliary parts con¬ 
nected to the winding, such as taps, tap terminal 
boards, or ratio adjusters. 

Failures which occur through the major insulation 
near the line terminal are due to excessive voltage 
applied to the transformer. 

Failures occurring internally in the winding or 
auxiliary parts are due not only to the voltage to which 
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the transformer is subjected but to the nature of the 
surge and its effect in the transformer. 

It is obvious that irrespective of what might be 
called the internal efiEect of the surge on the transformer, 
some limit must be set to the voltage which may be 
applied to the transformer. If this is not done failure 
will occur in any transformer. 

Part III 

Limits op Voltage on Transformer Insulation 
. To cause breakdown of any insulation requires 
energy. It is therefore a question of time as well as of 
voltage. The shorter the time, the higher the voltage 
required. Since lightning voltage waves last a rela¬ 
tively short time (from a few to possibly 100 micro¬ 
seconds), the voltage required to break down insulation 
by lightning is always higher than that required for 
long time duration of the voltage. 

The voltage required to cause breakdown by lightning 
is higher the greater the energy required for a particular 
kind of insulation. It is fortunate that the oil and most 
solid insulations require greater energy to cause break¬ 
down than air, and therefore higher lightning voltage 
for the same 60-cycle strength. 

The shape of the insulation, or rather of the dielectric 
field, has of course a marked effect on the voltage 
required to cause breakdown. 

If the shape of the dielectric field, or in other words, 
the potential gradient, changes with varying frequency 
or wave form of applied voltage, it will cause a variation 
of the ratio of applied voltages to cause breakdown. 

To determine the lightning breakdown voltage of even 
the simplest insulation structure, requires a knowledge 
of the wave form of the applied voltage. For this 
reason, data on lightning breakdown by various authori¬ 
ties are not always comparable since the wave form 
assumed or used for test purposes may vary con¬ 
siderably. 

When light ning sparkover of insulators is referred to 
it is usually based on data published by F. W. Peek, 
on the insulator sparkover under artificial lightning 
produced in the Pittsfield Laboratory, for a wave rising 
to approximately maximum voltage in one-quarter of a 
microsecond and tapering down to one-half its crest 
value in five microseconds. This wave form was used 
long before any actual measurements of lightning wave 
form were obtained, and it was assumed to correspond 
to quite severe lightning. The tests were made in 
such a manna* as to utilize the full wave above the half 
crest value. Below half voltage this wave is not effec¬ 
tive because it then corresponds to the 60-cycle value. 
This particular wave may be said to have an effective 
length of 5 microseconds. The effects of waves having 
effective lengths of 5 to 80 microseconds have also been 
published. 8 

Field tests have since shown that this assumed wave 

3. F. W. Peek, Jr., Lightning, A. I. E. E. Quarterly Trans., 
Vol. 48, April 1929. 


is remarkably close to that obtained under severe 
conditions. 

Based on this wave form, a string of suspension 
insulators requires a voltage of approximately 1.8 to 
2.0 times the 60-cycle dry sparkover voltage, to cause 
lig htn ing sparkover. Sparkovers caused by natural 
lightning have given the same range. 

Corrugated or petticoated bushings such as are used 
for outdoor service, require a lightning voltage from 
2.0 to 2.5 times the 60-cycle dry sparkover voltage 
depending upon design. 

Oil, and other solid fibrous insulation such as that 
used in oil-immersed transformers, require from 2.8 to 
3.5 times the lightning voltage compared to 60-cycle 
one-minute breakdown voltage. These ratios are 
crest to crest value. Effective or r. m. s. values are 
not used in dealing with lightning waves. 

Giving the ratio of r. m. s. 60-cycle one-minute break¬ 
down of oil and solid insulation against crest value, 
lightning breakdown by the Pittsfield wave results in a 
value of 4 to 5. 

This ratio does not hold good for the ratio of standard 
factory test voltage at 60 cycles to the breakdown value 
under lightning of completed transformers due to two 
causes: 

1. The completed transformer has a margin of safety 
over the factory test. This margin varies with voltage 
rating, usually being higher in the lower rated voltage 
apparatus. 

2. The ratio holds for a simple insulation structure 
and does not take into account change of voltage gra¬ 
dient in the transformer with varying frequency. 

It is obvious from the different ratio of lightning 
and 60-cycle strength of different apparatus, that trans¬ 
formers, for instance, comprising oil and solid insula¬ 
tion, may have a lightning strength equal to the 
strength of bushings, or line insulators having a very 
much higher 60-cycle sparkover value. For instance, 
a transformer for a 115,000-volt circuit given a factory 
test of 231,000 volts, may be stronger under lightning 
conditions than line insulators having a 60-cycle dry 
sparkover for 400,000 volts. This conclusion might be 
correct as regards the insulation to ground of the line 
terminal end of the winding. The conclusion would 
not necessarily be correct for the whole transformer due 
to the effect of the lightning wave form on the dis¬ 
tribution of voltage within the transformer winding. 

Part IV 

Effects of Transient Voltage 

If we consider the case of a transformer with one 
terminal grounded such as Y connected banks with 
grounded neutral, the normal frequency voltage dis¬ 
tribution is a uniform fall of voltage from line to 
neutral. 

In a transformer each turn and coil has capacitance to 
ground and to adjacent turns and coils. 

Under the impact of a traveling voltage of steep front 
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on account of the inductance of the winding the in¬ 
ductance current cannot be established instantly 
and therefore only the charging current of the winding 
capacitance to ground will flow at the first moment. 

In a simple way the circuit of capacity demerits of 
the winding (as shown on Fig. 1) can be likened to that 
of a string of suspension insulators and therefore the 
flow of charging current establishes voltage distribution 



Fig. 1—Equivalent Circuit of an Ordinary Transformer 

a. Complete circuit 

b. Circuit effective at low transformer harmonics 

c. Circuit effective at high transformer harmonics 

along the winding, similar to that of the insulator string 
as shown by curve 1 of Fig. 2. 

This results in a great concentration of voltage on the 
end coils and turns at the time of impact of the traveling 


160 

150 

140 

130 


110 ° 
a 90 

1 80 
25 70 

5 60 
% 50 

i 40 

30 

20 

10 





















z 

\ 







/ 









t 



:S 






r 

















1 

\ 




£ 




\ 


\ 







T 



\ 






~X 

~ 



2 



T 


J 







□ 



u 




_\ 



L 



t 




V 


X- 




1 





T 









3 


|G 


0 JO 20 30 40 50 60 70 80 90 100 
e(Jo PER cent length OF WINDING STACK 

Fig. 2—Voltage Produced by Single Traveling Wavi 
(Calculated) 

1. Initial voltage distribution 

2. Final voltage distribution (or line of equilibrium) 

3. Maximum voltage to ground 


wave. Seventy-five per cent of the voltage may be 
consumed across 5 to 10 per cent of the winding ad¬ 
jacent to the line. 

With voltage maintained across the transformer 
constant for a sufficient time (say 50-100 micro¬ 
seconds), the inductance current will be. established 


throughout the winding and with it uniform voltage 
distribution, as the inductance current, in contrast to 
the charging current flowing at the first instant of 
impact of the wave, is one and the same throughout 
all the winding. The voltage distribution is shown on 
curve 2, Fig. 2, and is called final. 

Since there is a difference between the initial voltage 
distribution (see curve 1, Fig. 2) and final distribution 
(curve 2, Fig. 2) a transient will take place during which 
the voltage distribution will readjust itself from initial 
to final value. On account of the low damping factor 
of transformer windings the transient will be oscillatory. 

The voltage of each point of the winding between line 
and ground terminals will oscillate about the point of 
its final voltage, reaching maximum voltage to ground 
as shown by curve 3, Fig. 2. 

Part V 

Mechanism of Oscillation 
The curve of difference between the initial and the 
final voltage distribution along the winding, gives the 



Fig. 3—Winding Space Harmonics at the Instant of 
Impact of the Traveling Wave 

1. Initial voltage distortion curve obtained from curve 1, Fig. 2 by re¬ 
ferring it to line of equilibrium No, 2 
2,3, 4, and 5 are first, second, third, and fourth space harmonics of curve 
No.l 


initial amplitude of oscillation of different points of the 
winding and is called the initial space wave or initial 
voltage distortion curve. 

The oscillation following the impact of the traveling 
wave may be looked on as a collapse of this space wave on 
line L. G. with its inertia carrying it on the other side 
of this line. The line L G therefore is the line of 
equilibrium. 

The initial distribution curve is generally of the 
character of that* shown in curve 1, Fig. 2. With such 
an initial distribution the initial space wave will con¬ 
sist of the fundamental frequency space wave and 
various harmonic space waves. 

When these are all superimposed on one another the 
result will be the curve of initial voltage distortion or the 
initial space wave. 

Curve 1, Fig. 3, is the space wave obtained on a 6600- 
kv-a. transformer and is drawn from the initial volt¬ 
age distribution curve 1 of Fig.' 2. It consists of 
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fundamental, second, third, and fourth space harmonics 
of magnitude shown and of seven higher harmonics 
of smaller amplitude which are not shown. 

The frequency of oscillation of the first few harmonics 
is approximately proportional to the second power of 
their order. 4 That is, the second harmonic oscillates 



Fig. 4—Ctjrhbnt and Voltage op the First or the Funda¬ 
mental Harmonic 

I 

1. Simultaneous first harmonic voltage along winding to the line of 
equilibrium L Got Fig. 2, at moment of impact of traveling wave 

a, b % c, d simultaneous voltage to line of equilibrium Vs. V*. a /s. and 1 /z of 
a cycle of fundamental frequency later 

2. Voltage between adjacent elements of winding stack 

3. Current in various parts of the winding during oscillation 

4. Voltage and current distribution in equivalent circuit b Fig. 1 

5. Magnetic flux distribution produced by current No. 3 

four times as fast as the fundamental and the third 
nine times as fast. Taking the fundamental frequency 
space wave shown by curve 1, Fig. 4, and any two points 
of the winding symmetrically located in respect to the 
middle point of the winding, the difference in potential 
of the fundamental frequency of each point and the 
nearest end of the winding is the same in magnitude but 
opposite in sign. This potential difference will force 
current from each point to the respective ends of the 
winding. Thus the current in the halves of the winding 
will be in opposite direction. 

Curve 2, Fig. 4, shows that the fundamental space 
wave produces maximum voltage between adjacent 
elements of the winding, such as turns or coils, at the 
ends of the winding; therefore the inductance current 
of oscillation of this wave will be the maximum at the 
ends as shown by curve 3, Fig. 4. The magnetic fluxes 
set up by these currents will be as shown on Fig. 4. 

Following the same train of thought the curves of 
voltage distribution produced by other harmonics can 

4. See Effect of Transient Voltage on Power Transformer Design, 
by K. K. Palueff, A. I. E. E. Quarterly Trans., Vol. 48, April 1929. 


be easily delineated. Fig. 5 illustrates the second 
harmonic. 

The examination of these figures reveals that the 
ratio of the frequencies of the first few space harmonics 
to that of the fundamental must be nearly equal to the 
second power of their order. 

Where in a transformer series capacitance C m is not 
negligible the ratio of frequencies of first three har¬ 
monics instead of being 1:4:9 may be 1:3:8 or even 
1:2.5:6.5. 

The considerations outlined previously and above 
lead to the following conclusions. 

With uniform windings: 

1. The impact of a single traveling wave striking 
the winding causes it to oscillate. The oscillation 
starts simultaneously throughout the entire winding. 
It is composed of a number of space harmonics. 

2. The higher the harmonic the smaller its amplitude. 

3. On account of the symmetry of distribution of 
harmonics the oscillations cause high voltage not only 
near the line end but also at many other points in¬ 
cluding that near the grounded end. 

4. The amplitude of oscillation depends upon 
voltage of the applied wave, the steepness of the initial 
(or electrostatic) voltage distribution, the steepness 
of the front of the traveling wave, and the length 
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Fig. 6—Current and Voltage Distribution of second 
Harmonic 

1. Simultaneous second harmonic voltage to line of equilibrium L G of 
Fig. 2 along winding stack at the moment of impact 

2. Voltage between adjacent parts of winding stack at the moment 
of the impact 

3. Current in various parts of the winding during oscillation 

4. Voltage and current distribution in equivalent circuit b of Fig. 1 

5. Magnetic flux distribution produced by current No. 3 

of the tail of the wave. The damping factor of the 
winding is not sufficient to prevent the oscillation. 

It is obvious that in non-uniform windings, such as 
interleaved types, in addition to the oscillation involving 
the entire winding, local oscillations are present at the 
points of discontinuity. 
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Part VI 

Tests by Cathode Ray Oscillograph 

In order to check previous theoretical studies of the 
behavior of transformers under lightning and tests 
made by spark-gap measurements, a series of tests by 
an artificial lightning generator in connection with a 
short transmission line has been made by the cathode 
ray oscillograph. 

Where convenient, several oscillograms were re¬ 
corded on the same film. In such cases some waves 
were taken above the zero line, then the polarity of the 
oscillograph was reversed and the remainder of the 
waves recorded downward below the zero line. The 
waves obtained with reversed polarity are marked R. The 
crest value of the wave at the transformer end of the line 



Fig. 6 —Effect of Front of Traveling Wave. 6600- 
Kv-a. Transformer 

Top 

“Exceedingly steep front’ 1 and long tail 

1. Voltage across transformer 

2, 3. 4, and 5 are voltages to g-ound at points 97.2. 50,25,2.8 per cent 
away from ground terminal with crest values of 97, 114, 75, and 18 per 
cent of applied voltage, respectively 

Bottom 

“Steep front” and long tail 

1. Voltage across transformer 

2, 3. 4, and 5 are voltages to ground at 97.2, 50, 25, and 2.8 per cent 
away from ground end with crest values of 93, 64, 24, and 5 per cent of 
applied voltage 

(see Fig. 20) was considered as unity and crest values 
of all other waves expressed in per cent of this value. 

The voltage of any given point of the winding to 
ground is considered “normal” if it is the same per¬ 
centage of the crest of the applied wave as it is under 
nonnal operating frequency excitation. Excess over 
this value is called “overvoltage” and is expressed in 
per cent of the “normal” voltage. 

The tests were made on an overhead transmission 
line over two miles long having a surge impedance of 
350 ohms. The following apparatus was used at 
various times in the tests: 

6600 kv-a-110-kv. Circular coil type transformer 

1000 kv-a.- 44-kv. Shell type transformer 

Air core inductances of 1.0 and 0.24 millihenry 


110-kv. solid insulation transformer bushing having 
a capacitance of 0.00024 microfarads. 

Various protective spark-gaps with and without re¬ 
sistance in series. 

To date more than 600 records have been obtained 
representing a very wide range of service conditions 
affecting the voltage transients. 

The agreement between theoretical predictions 4 and 
experimental results is striking. 

The Effect of Wave Front 

If a given transformer has electrostatic voltage dis¬ 
tribution such that the voltage distortion curve con¬ 
tains n space harmonics, a single traveling wave of 
rectangular front will produce oscillations containing 
all these harmonics. See top of Fig. 6. A wave of 
slanting front will produce only those harmonics whose 
duration of one cycle is in excess of the length (or 
duration) of the front of the wave. See bottom of 
Fig. 6. 

This means that the front of the wave must be at 
least as long as one cycle of the fundamental frequency 
of oscillation of the winding to cause no voltage dis¬ 
tortion in the winding. 

For this reason waves of even 100 microseconds front 
may cause dangerous voltages in large transformers. 
Fig. 7 illustrates the relation of wave front to maximum 
voltage to ground at two points in the winding. 

It is suggested that the wave front be called “steep” 
when it produces oscillations of fundamental frequency 
only, “very steep” when oscillations of fundamental 
and second harmonic are produced, and “exceedingly 
steep” when harmonics of a higher order are produced. 

With the wide variation of high-frequency charac¬ 
teristics of transformer windings it is obvious that the 
exact range of the length of the wave front cannot be 
stated, but appears to be as follows: 

“Exceedingly steep.” Of the or'der of 3 mieroseconds-0.57 miles. 
“Very steep” Of theorderof 10 microseconds-1.9 miles. 

“Steep” Of the order of 50 xnicroseconds-9.5 miles. 

Effect of the Length of the Wave 

The internal oscillation will reach maximum values to 
ground at all points of the winding, if the transformer is 
subject to a traveling wave of exceedingly steep front 
and of appreciable amplitude for a length not less than 
the duration of cycle of the fundamental frequency 
of the winding. 

On account of the relation of the harmonics, such a 
wave will produce severe overvoltage at both the line 
and the ground quarters of the winding. 

Fig. 8 shows the relation between wavelength and 
voltage to ground of the middle part of the winding. 

In discussing wavelengths, it is important to desig¬ 
nate them in their relation to the natural frequency 
of the transf ormer. Thus, waves may be considered as 
“very long” if the length is at least equal to a full 
cycle of the fundamental frequency of the winding, as 
“long” if at least equal in length to J4 cycle of the 
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fundamental, as “short” if the length is between 34 
and 34 cycle, and “very short” if less than y A cycle. 

If expressed in time or length, the order of the various 
waves would be: 

Very long wave 25 to 100 microseconds 5 to 19 miles 
Long wave 12 to 50 microseconds 2.3 to 9.5 miles 
Short wave 6 to 25 microseconds 1.15 to 5 miles 
Very short wave 1 to 4 microseconds 0.29 to 0.76 miles 

Effect of the Tail of the Wave 
The effect of the steepness of the tail of the traveling 
wave is similar to that of the steepness of the front, 



Fig. 7—Effect of Steepness of Front of the Traveling 
Wave on Voltage to Ground (Test) 

1. Point of winding 50 per cent away from ground terminal 

2. Point of winding 25 per cent away from the ground terminal 



LENGTH OF THE WAVE IN PER CENT OF PERIOD 
OF FUNDAMENTAL FREQUENCY, ALSO IN MICROSECONDS 

Fig. 8—Effect of the Length of Traveling Wave on 
Voltage to Ground of Point of Winding 50 Per Cent Away 
From Ground Terminal (Test) 

because the transient effect is essentially the same, 
whether the terminal voltage suddenly rises from zero 
to a given value and thereby creates a “positive” 
transient or suddenly falls from that value to zero and 
creates a “negative” transient. 

However, on account of the fact that at the time the 


end of the traveling wave reaches the transformer 
terminals, the winding is in a state of positive oscillation, 
sudden fall of the terminal voltage superimposes a 
negative oscillation, and the combination may create 
local stresses in excess of those caused by a wave of 
steep front and of slanting tail. 

It follows that to prevent internal oscillations from 



Fi*3, 9—Voltages at Several Points in Transformer 
Winding 

1. Voltage at transformer terminal produced by traveling wave of ap¬ 
proximately five microseconds 

2,3,4, and 5 are voltages at points 83, 66, 50, and 25 percent from ground 
terminal with crest values of 110, 82,100, and 95 percent of applied voltage 
respectively 


reaching dangerous values, protective devices must be 
set so as to reduce the crest value of the incoming 
wave well below the ultimate strength of the 
transformer. 

As shown by Fig. 6, curve 4 R, a long wave with 
slanting tail produces at a point 25 per cent away from 
ground a voltage 75 per cent of the terminal value, 



Fig. 10—Effect of Bushing on Shape op Traveling Wave 

(To avoid confusion two waves were displaced along time coordinate as 
shown) 

whereas a short wave, Fig. 9, curve 5, produces at the 
same point a voltage 95 per cent of the terminal value. 

Effect of the Bushing 

It has sometimes been stated that the capacitance of 
the bushing has a marked effect in slanting the wave- 
front and therefore decreasing the severity of voltage 
distortions. It has been shown previously 4 that very 
long wave fronts are necessary to avoid voltage 
distortion. 

The bushing capacitance (of even a “high capaci¬ 
tance” bushing) has a negligible effect on the wave 
front as shown by Fig. 10 and therefore cannot affect 
the transient phenomena in the transformer. 
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Effect of the Transformer on the Incoming Wave 
The effective capacitance of a power transformer 
is too small, and its surge impedance is too great to 
have any appreciable effect on the shape or crest value 
of the incoming traveling wave. 

To illustrate this, a traveling wave was sent along the 
transmission line and records were made at the far end 



Fig. 11—Effect of Transformer on Incoming Traveling 

Wave 

1. Wave at the end of transmission line with transformer disconnected 

2. Wave at the end of transmission line with transformer connected 
(voltage across transformer) 



Fig. 12—Effect of Series Inductance in Case of 
Traveling Wave of Very Steep Front and Tail 

A Inductance of 1.0 j a h. 

1. Voltage applied across transformer and inductance in series 

2. Voltage across transformer. Orest value 115 per cent of the applied 
wave (Curve No. 1). Frequency of oscillation 333 kilocycles 

. 3. Voltage to ground at point of winding 17 per cent away from the 
grounded end. Orest value 95 per cent of applied voltage 

Note, front of the wave No. 2 is steeper than No. 1. Approximate 
effective capacitance of the transformer winding 0.00206 ji f. 

B. Inductance of 0.24 ja h. 

4N. Voltage applied across inductance and transformer 

5. Voltage across transformer. Orest value 100 per cent of the applied 
voltage. Frequency 710 kilocycles. Note, front of the wave No. 5 the 
same as No. 41?. Approximate effective capacitance of the transformer 
winding 0.0019 j ti f. 


with the transformer first connected to and then dis¬ 
connected from that end. The wave shape was 
practically identical in spite of the fact that the waves 
were only two microseconds long, see Fig. 11. The 2 
per cent difference in crest value is well within the 
limits of error of measurement. 


Effect of Inductance in Series with Transformer 

Inductances such as current limiting reactor or cur¬ 
rent transformer if not bridged by a proper by-pass 
device, enter into oscillation with the effective capacity 
of a transformer to which they are connected. 

Such oscillations may create very severe overvoltage 
inside of the transformer and cause voltage across the 
transformer in excess of the crest value of the incoming 
wave. These oscillations also take place in case of 
arcing grounds or switching. 

Fig. 12 illustrates what happens when a line insulator 
arcs over at the crest of a 3-microsecond wave. The 
initial voltage across the transformer without induct¬ 
ance in series and with an inductance of 0.24 milli¬ 
henry in series are identical. 

The voltage from line end of the inductance to ground 
shown in Fig. 12, curve 42?, is recorded downward. 

The voltage across the transformer with this in¬ 
ductance in series is recorded on the same film but 
upward and is identical to that of the incoming wave 
up to the moment of insulator arc-over. Thereafter 



Fig. 13—Effect of Transformer Losses on Damping of 
Transient Voltages 

Oscillations of shell type transformer caused by long traveling wave of 
eight microseconds front 
. j R. Applied voltage 

' jk R, 4. Voltages at points 75 per cent, 50, and 25 per cent away from 

fa' end, with crest values of 106 per cent, 90, and 45 per cent 

the voltage across the transformer oscillates at about 
710 kilocycles. 

With inductance of 1.0 millihenry the wave applied 
across inductance and transformer is shown in Fig. 12, 
curve 1. The voltage across the transformer rises to 
115 per cent of the applied value and after insulator 
arc-over, oscillation takes place at 330 kilocycles. 

The severity of the oscillation inside the transformer 
produced by such a transient can be judged by Fig. 12, 
curve 3. It shows that the voltage of that part of the 
winding 16.6 per cent away from its grounded end, instead 
of being at 16.6 per cent above ground, rises to 95 per cent 
of the applied voltage. Stated in terms of the normal 
voltage of this point, this is an overvoltage of 470 
per cent. This is good evidence of the danger of re¬ 
ducing the insulation between high voltage and low 
voltage and ground near the grounded neutral. 

Inductances of much smaller values have negligible 
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effect on incoming wave but also enter into oscillation, 
overstressing the line end of the transformer winding. 

Effect of Damping and Type of Transformer 

That the damping effect of the transformer is neg¬ 
ligible in preventing the high voltages produced by the 
first few cycles of the oscillation is evident from 
examination of Fig. 13. It shows the oscillation 



Fig. 14—Non-Resonating Transformer 

1. Voltage wavo at the end of transmission line with transformer 
disconnected 

2. Voltage wavo at the end of the transmission line with transformer 
connected (voltage across transformer) 

3. Voltage at C3 per cent point. Orest value 63 per cent of applied 
voltage 

Note No, 3 a practical duplicate of the shape of No. 2 in spite of the fact 
that tho transformer was out of oil and electrostatic imbalance was created 
thereby 
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100 90 80 70 60 50 40 30 20 10 
^jjj PER CENT LENGTH OF WINDING STACK GR $J° 

16—Simultaneous Voltage to Ground Produced by a 
Single Traveling Wave (Test) 


1. At the instant of impact (* ‘initial’ ’ voltage distribution) 

2,3,4, and 5.—3,14,18 and 24 microseconds later respectively 
Dots show results of calculation (same as curve 3, Pig. 2) of maximum 
voltage to ground 


in a shell type transformer at various points in the 
winding obtained with a wave of 8 microseconds front. 
The rest of the oscillograms given in the paper were 
made on the core type transformers and also illustrate 
the negligible effect of damping. 


Conclusions 

By theory and test, it has been shown that: 

1. The initial voltage distribution due to a wave of 
steep front results in the most of the voltage being con¬ 
centrated on that part of the winding near the line end. 

2. The effect of the concentration of voltage in the 
end turns under the initial voltage distribution is to 



Fig. 16 —Oscillations in Shell Type Transformers Due 
to Traveling Wave of 14 Microseconds Front 

increase the potential gradient to ground at the end 
of the winding due to change in the shape of the di¬ 
electric field. 

3. At normal operating frequency, steepness of the 
potential gradient is chiefly due to stress to low voltage 
winding and ground, the stress between coils being low. 
Under lightning waves, the stress between coils is 
increased very much and sharpens the potential 
gradient. It is as if the ground potential surface had 
been moved up close within the end of the winding. 

The oscillations resulting in adjusting initial 'to final 



Fig. 17—Harmonic Analysis 

Voltage between 33.3 per cent and 66.6 per cent points of winding"pro¬ 
duced by wave No. 1 of Pig. 6. The principal oscillation is that of second 
space harmonic because the voltage of fundamental harmonic produces*no 
potential difference between these points and the amplitude of third 
harmonic is zero for both points. 


voltage distribution usually result in higher than normal 
stress to ground at points intermediate to line and 
ground. • 

4. These increases of potential gradient therefore 
result in lowering the ratio of impulse to 60-cycle 
voltage breakdown of such a winding to a value lower 
than the ratio for a simple piece of insulation unless the 
insulation is properly proportioned throughout the 
transformer. Thus the line terminal insulation impulse 
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ratio may vary for different transformer designs 
depending on the amount of local concentration of 
voltage near the line end of the winding. 

5 If the transformer is subject to transients con¬ 
sisting of a series of damped oscillations such as are 
caused by arcing grounds, or arcs during the opening or 
closing of switches, etc., the voltage distribution in the 



Fig. 18—220-Kv. and 37,000-Kv-a. (Equivalent Capacity) 
Three Winding Non-Resonating Transformer 

500-kv. insulation test 
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Fig. 19—An Example of a Wave Recorded with 
Oscillatory Sweep 

Several cycles of single-frequency damped oscillation 

ordinary winding becomes a very complex matter 
depending on the constants of the transformer and the 
frequency of the applied surge. 

6. The oscillations resulting from such surges may 
cause high local voltages in the transformer winding at 
many different points, and the position and value of 
these voltages change with the frequency as well as the 
amplitude of the impressed voltage. 


7. If the frequency of the surge is in the neighbor¬ 
hood of the resonating frequency of the transformer 
windings as a whole or in parts, voltage to ground as 
high as twice the impressed voltage of the surge may 
occur at some point within the winding, 

8. If, for grounded neutral operation, the insulation 
to low voltage winding and ground is graded somewhat 
in the order of the normal frequency voltage stress to 
ground, overvoltages due to oscillations may overstress 
the graded insulation to low voltage or ground at various 



Fig. 20—Diagram of Testing Circuit 


A and C anode and cathode of the oscillograph aa “time" andM “volt¬ 
age” plates of the oscillograph, F —Film or screen, J>—Potentiometer, 
T —Transformer under test, B —Transformer entrance bushing, R induc¬ 
tance coil, /—Line insulator, L —Transmission line, G —Lightning generator 




Fig. 21—Oscillations Along Winding Due to Short 
Traveling Wave of “Exceedingly Steep” Tail, Produced 
by Sparkover of Line Insulator 

1. The traveling wave applied to transformer 

2. Point 97.2 % from ground end—Orest 100 % of applied voltage 

3. Point 83.3 % from ground end—Orest 82% of applied voltage 

4 Point 75% from ground end—Crest 96% of applied voltage 

5. Point 50% from ground end—Orest 62% of applied voltage 

6 Point 33 % from ground end—Orest 51 % of applied voltage 

7. Point 25 % from ground end—Orest 79 % of applied voltage 

8. Point 16% from ground end—Orest 79% of applied voltage 

9. Point 2.8% from ground end—Orest 13 % of applied voltage 

points in the winding. Graded insulation in ordinary 
transformers subject to single waves may therefore be 
unsafe. 

9. It is general practise to reenforce the insulation 
between turns and coils near the line end of the winding, 
but the oscillation of the winding as a whole or in parts, 
may produce very high voltages between turns and 
































July 1929 


BRAND AND PALUEFF: LIGHTNING STUDIES OF TRANSFORMERS 


1007 


coils at points remote from the line end and cause local 
failure between turns or coils or across taps, etc., 
unless the permissible lightning voltage to which the 
transformer may be subjected is reduced below that set 
by the terminal insulation alone. 

It is apparent that the strength of the transformer 
winding to resist lightning voltages can be much in¬ 
creased, if the difference between the final voltage 
distribution and the initial distribution can be elimi¬ 
nated, because: 

A. No change of shape of the dielectric field or 
change of gradient with a given voltage impressed takes 
place on the end of the winding if the voltage concen¬ 
tration on the end turn and coil is eliminated. It is the 
same as at normal operating frequency. 

B. Overvoltage to low voltage and ground due to 
oscillations in the winding building up a higher voltage 
than “normal” with uniform distribution are eliminated. 

C. Voltage stresses between turns and coils would be 
reduced to the ratio of the lightning and normal fre¬ 
quency terminal voltage only. 

D. The insulation to low voltage winding and 
ground could be graded in the order of the normal 
voltage stress. 

E. The terminal voltage stress would therefore be 
the only lightning voltage limit and this would bear 
the same ratio to 60-cycle voltage as the impulse ratio 
of the insulation used alone. 

The factory induced voltage test could therefore be 
made a real measure of the ability of such a transformer 
to withstand lightning, which is not true with ordinary 
transformers. 

Part VIII 

The Non-Resonating Transformer 

The reason that the voltage distribution in a trans¬ 
former under surges is not uniform and that oscillations 
take place may be briefly stated to be: 

Because the electrostatic charging current of the 
ordinary transformer has to flow through the winding. 

If the electrostatic charging current is directly sup¬ 
plied to the various parts of the winding in the proper 
proportion, then unequal voltage distribution and 
oscillations will be eliminated. 

This principle is the basis of design of the non¬ 
resonating type of transformer. At the present time in 
commercial designs, it is limited to transformers operat¬ 
ing with neutral grounded directly or through a 
moderate impedance. 

The electrostatic charging current of the various 
elements of the winding is supplied by means of carefully 
rounded and thoroughly insulated metallic surfaces 
connected to the line terminal, and adjacent to the 
winding, so that the discharging current of the coils to 


ground can be supplied directly, without having to 
flow through the impedance of the winding. 

Therefore the proportions of the applied voltage of 
each part of the winding, given by its position in the 
dielectric field at any frequency, is the same as the 
proportion of voltage generated in that part at normal 
frequency operation. The initial and final voltage 
distribution is therefore the same and no transient or 
oscillation can take place. 

Thus by properly proportioning the electrostatic 
characteristic of the transformer, the voltage distribu¬ 
tion throughout the winding is made a straight line 
falling from line terminal to ground irrespective of the 
frequency or wave shape of the applied voltage. 

In practise, the non-resonating winding is uniform 
and concentric with the low voltage winding. The 
coils are relatively narrow. Standard circular coils are 
used, connected together successively at the inside and 
outside turns, so that cross connections from inside 
to outside of coils are avoided. 

The mechanical design of the transformer follows 
long established practise, lending itself readily to 
assembly and handling, and embodies the usual de¬ 
sirable characteristic such as free oil circulation and 
ability to withstand short circuit stresses. 

In the new. transformer, voltage stresses between 
turns and coils under lightning conditions are reduced 
in the order of from 10 to 1 to 100 to 1. The over¬ 
voltage to ground caused by oscillations being elimi¬ 
nated, results in decreasing the stress to ground some¬ 
times as much as 6 to 1. The elimination of local 
excess voltage between turns and coils reduces the 
probability of arc-over of tap terminal boards, ratio 
adjusters, etc. It is well known that the spacing or 
dielectric strength of taps, ratio adjuster contacts, etc., 
has to be made much greater than that required for the 
normal or factory test voltages in the ordinary trans¬ 
former, due to the possibility of building up very high 
local voltages, during lightning and other transient 
voltages. 

Graded insulation in the order of the normal fre¬ 
quency stress to ground is possible and safe -with the new 
type of transformer, since overvoltage to ground at 
points in the winding between line and ground ends no 
longer occurs due to transients. 

The proportion of voltage stress in all parts of the 
winding under all conditions of voltage and frequency 
remains the same as that during the factory insulation 
test, which therefore becomes a real measure of the 
ability of the transformer to resist lightning. This 
never could be tested correctly before. 

In such a transformer, since all voltage stresses are 
under complete control .and are made uniform through¬ 
out the winding for all frequencies, the reliability, 
naturally, will be much greater than in ordinary 
transformers. 
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PRESENT STATUS OF THE CATHODE 
RAY OSCILLOGRAPH 
on the Measurement of Transients 

By H. L. Rorden 6 and J. C. Dowell 5 

Non-member Associate, A. I. E. E. 

Since there are several methods of operation of the 
cathode ray oscillograph, it is felt that the method 
applied in this case should be briefly reviewed. 

In Fig. 20 the cathode beam is made to pass between 
two pair of deflector plates; “time” plates, aa, and 
“voltage” plates, bb, and to impinge upon the fluorescent 
screen or photographic film enclosed in the vacuum bell 
of the oscillograph. Since this beam is susceptible to 
deflection by transverse electrostatic fields, it may be 
made to sweep across the film if voltage is applied 
between one of the pairs of plates. 

If an oscillating voltage is applied to the “voltage” 
plates, a vertical straight line will be traced on the film. 
Should a uniformly rising potential be applied to the 
time plates which are perpendicular to the first pair, 
it will sweep the beam in a horizontal direction at a 
uniform rate, and thus record a voltage-time relation 
of the voltage wave applied to the first pair of plates. 
By this method, therefore, the shape of the voltage 
wave is recorded in rectangular coordinates which of 
course is the best form of record. 

Instead of applying to the time plates a voltage which 
rises at a uniform rate, some of the investigators are 
using a sinusoidal sustained oscillation of high frequency 
which gives an extremely complex record as shown in 
Fig. 19. Comparison of this record with other records 
given in the body of the paper, illustrates the superi¬ 
ority of the uniform sweeping method. 

Formerly the principal difficulty involved in this 
method was the comparatively slow speed of sweep 
obtainable, which allowed a maximum speed of sweeping 
of IS to 20 microseconds per centimeter, on the film. 
However, the speed of the sweep has now been in¬ 
creased 200 times so that a wave of a fraction of a micro¬ 
second in duration can be spread over several centi¬ 
meters of the film, permitting detailed analysis of the 
shape of the wave. 

There are two problems peculiar to the study of 
transformer voltage transients: First, there is the 
necessity of measuring voltage between two points, 
both of which are above ground potential. Second, 
there is the necessity of synchronizing the voltage 
waves obtained at different points of the winding, 
produced by identical waves applied several times in 
succession. Both problems are easily solved. Fig. 17 
serves as an illustration of the solution of the first 
problem. Fig. 15 was made possible by solution of the 
second. The family of curves was obtained from syn¬ 
chronizing oscillograms of 36 points of the winding and 

5. Both of the General Electric Company, Pittsfield, M^, 


then scaling them at various time intervals as indicated 
on the figure. 

Another recent development is the automatic initia¬ 
tion of the oscillograph, whereby it was made possible 
to record the wave of natural lightning 3 with the loss 
of but a small part of the front of even very steep waves. 

Discussion 

PROGRESS IN LIGHTNING RESEARCH 1 

(Peek) 

LIGHTNING STUDIES OF TRANSFORMERS BY THE 
CATHODE-RAY OSCILLOGRAPH 

(Brand and Palueff) 

Dallas, Texas, May 9, 1929 

J. F. Peters: For many years it lias been recognized that 
lightning voltages do not distribute uniformly in transformers, 
that the potential gradients near the terminals may considerably 
exceed normal operating voltage. To provide for that, the 
insulation at these places is reinforced. Until recent years we 
were obliged to depend upon experience, spark-gap measure¬ 
ments, and calculations to guide us in the design of transformers. 
It is gratifying to find that results obtained by the cathode ray 
oscillograph check the earlier values obtained by spark gaps 
so well. 

The cathode ray oscillograph has added some very interesting 
details to our knowledge of voltage within transformers and it, 
along with other devices, is yielding valuable information on 
the nature and magnitude of actual lightning voltages encoun¬ 
tered, which information is highly important in considering the 
necessary insulation within a transformer. We find that if the 
voltage is applied abruptly to a transformer the initial voltage 
distribution within the transformer is a function of the physical 
portions of the unit. The initial distribution can be controlled 
very considerably by properly selecting the proportions of the 
winding. When the impulse is maintained for a considerable 
time, 10 to 20 microseconds, the voltage will penetrate into the 
winding and may overshoot the values beyond a uniform distri¬ 
bution. The amount* the voltage overshoots depends to a con¬ 
siderable extent upon the initial distribution which in turn is a 
function of the physical proportions of the design. 

The maximum voltage that can reach a transformer is deter¬ 
mined by the line insulation adjacent to the transformer. The 
flashover voltage value of line insulation varies with the length 
of voltage application. The line impulse flashover for impulses 
lasting 2 or 3 microseconds is approximately two times the 60- 
cycle crest flashover. For impulses lasting 16 microseconds or 
more the impulse flashover is approximately 1.2 times the 60- 
cycle crest values. A transformer should be insulated to meet 
these extreme conditions. The high but short impulses do not 
produce large oscillations on account of the time being too short. 
The longer impulses produce larger oscillations but the impulse 
is lower to start with. This state of affairs should be taken 
into consideration when determining the proper insulation to use. 

S. W. Marshall, Jr.: The developments set forth in the 
Brand and Paiueff paper may well be considered to be classical. 
The check, by the cathode ray oscillograph, of the calculated 
initial voltage distribution along the transformer winding 
caused by a single traveling wave, gives a definite insight as 
to the “whys” of some transformer failures. 

Why is it that the second harmonic oscillates four times as 
fast as the fundamental? 

The paper states: “The impact of a single traveling wave 
striking the winding causes it to oscillate. The oscillation starts 
simultaneously throughout the entire winding . . . Does this 
oscillation exist in both primary and secondary windings, or 

1. This paper with other discussion of it was published in the A.I.E.B. 
Quarterly Trans., Vol. 48, April 1929, pp. 436 and 468, 
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only in tile winding conductively connected to the incoming 
wave? 

So much capital is invested in tho conventional core-type 
transformer that I shall confine my concluding questions to 
this type. Consider a two-winding transformer connected to a 
transmission line. Is it likely that an incoming wave from the 
transmission line would flash over the low-tension transformer 
bushing, or low-tension substation apparatus of normal insula¬ 
te 011 value? What is the general wave form which is best 
communicated to the low-tension winding from such an incoming 
wave? 

D. W. Roper: The paper by Messrs. Brand and Palueff is a 
notable contribution to our knowledge of the effects of lightning 
transients on transformer windings. It is interesting to note 
that, as a result of this knowledge, it is possible to alter the design 
of the transformer so as to make the insulation less vulnerable 
to lightning disturbances. The paper does not state definitely 
the sizes or types of transformers investigated, but the general 
description of the windings indicates that the investigation and 
perhaps also the modified designs apply to the larger sizes of 
transformers used on transmission lines. It is hoped that they 
will later be able to apply the same revised principles of design 
to transformers of the distribution sizes. 

The elimination of lightning as a disturbing factor of electrical 
supply systems is such a vast and complex problem that it must 
be solvod by cooperation among a great many investigators, 
including representatives of the manufacturing companies and 
the operating companies. The problem can best be solved by 
each investigator applying himself to that particular portion of 
the problem to which he is best fitted by reason of his circum¬ 
stances and facilities, and then, on occasions like the present, 
presenting the results of his investigations to his fellow workers 
in this field. 

The paper is an excellent example of such cooperation. It is 
also, perhaps, an example of tho fact that the manufacturers 
can do a somewhat better job in solving their portion of this 
problem than can the operating companies as, with the modern 
equipment available for laboratory tests, they are able to repro¬ 
duce in their factories the phenomena occurring in the field and 
to observo the effects of the phenomena on the apparatus which 
they manufacture. On the other hand, the operating companies 
must secure sufficient data so that they can eliminate the light¬ 
ning as a variable. 

Other investigators in the field have reported that there is 
not only a wide valuation in the maximum voltage of such 
transients, but also a difference in the shape of its voltage wave, 
and further, that the lack of information on the latter point is 
probably the reason why it is impossible to reconcile the results 
reported by the several investigators on the effects of lightning 
on transmission lines. 

The final test of the effectiveness of changes in the design of 
apparatus connected to electrical supply lines as well as the 
insulation and the protective devices connected to such lines is to 
be found in the operating records of the electrical supply com¬ 
panies. Within the past year several companies have reported 
to this Institute the results of the investigations that have been 
made on their transmission lines, and it appears probable that 
a similar paper regarding lightning protection on distribution 
lines will soon be available. It is the writer’s experience that 
the manufacturers have always been ready and willing to co¬ 
operate in the solution of the problems in this connection, and 
there is no indication whatever that this cooperation is likely 
to be reduced. In fact, several new investigations have been 
started within the past year requiring cooperation between the 
manufacturing companies and the operating companies in order 
to add to our information on the subject. The increasing num¬ 
ber of papers on the subject to this Institute in recent years 
indicates that the importance of the subject is fully appreciated 
by all interested parties and that the subject is receiving proper 


attention, in spite of some very drastic comments to the contrary 
in the technical press recently. 

Edward Beck: During the past few years there have been 
interesting and valuable advances in the art of cathode ray 
oscillography. In the last year the Norinder type of automatic 
oscillograph was brought to this country and used in the field 
for the recording of natural lightning. The advantages of this 
type of automatic oscillograph in permitting the complete 
recording of a lightning transient are well known. The instru¬ 
ment was described in the Fortescue, Atherton, and Cox paper 
at the last Winter Convention. A new oscillograph of this type 
has. been designed and several have been constructed. This 
device may be operated as a Dufour, the original laboratory 
type developed in France during the War, or, by the addition of a 
chamber containing the Norinder relay scheme, as an automatic 
instrument for use in the field on transmission lines. This; 
makes the instrument extremely flexible and provides practi¬ 
cally the same instrument for those who wish to use it in the 
laboratory only and those who at times may wish to make auto¬ 
matic records. The addition of the deflecting-plate system 
comprising the Norinder relay converts the instrument of the 
Dufour type into one that is entirely automatic within itself, 
not depending on the operation of external relays to set it in 
operation on the arrival of a transient. 

This latest development in the field of cathode ray oscillo¬ 
graphs presents several other novel features, among which 
is the embodiment in the device of an electron-filtering scheme 
which removes from the recording cathode beam those electrons 
which are the chief cause of fogging of the film . This permits 
the obtaining of a very sharp, well-defined record. The proper 
use of magnetic fields for focusing the electron beam further 
assists in the securing of sharp records. The oscillograph case 
consists of welded steel shells, thereby combining extreme 
strength with light weight. The deflecting-plate system*may 
be adjusted from the outside through vacuum-tight cone joints. 
The entire oscillograph may be taken apart and reassembled 
very easily. 

In our work with these oscillographs we are planning to use 
the high-frequency oscillator scheme for timing the recorded 
phenomena. In the first work done in this country on an actual 
transmission line with surge generator and cathode ray oscillo¬ 
graph three years ago, we came to the conclusion that tb-ia 
method of recording is the most satisfactory because it records 
considerable detail of each part of the transient besides giving a 
very long time scale because of the doubling back and forth 
of the timing axis. For instance, using this method of recording, 
it was possible to obtain in great detail pictures of four and five 
successive reflections on a 4J^-mi. tr ans mission line. While 
records taken by this means may appear complicated, they are 
easily intelligible with very little experience. Other methods 
of timing will produce simpler oscillograms, but it is thereby 
necessary to sacrifice either detail or length of the record. 

J- H. Cox: Mr. Peek has reported the progress and status of 
the lightning problem from his point of view. He has reported 
the work being done by his group. I should like to add to the 
picture and make it more complete by reporting the work being 
done by the group with which I am associated. 

Last year we manufactured three Norinder cathode ray oscillo¬ 
graphs and applied two of them in the field on a 154-kv. trans¬ 
mission line of the Aluminum Company of America in Tennessee. 
As a result of this application one oscillogram was obtained. In 
the beginning of the work it was decided to use a rotating film 
drum which provided a maximum of 1000 microseconds per 
2 K in* of film. With this time scale the surge which we obtained 
was somewhat cramped in space since it had a duration of 50 
microseconds. This left the time of front somewhat indefinite 
but a definite value of duration was obtained. In all future work 
an oscillating time scale will be used with which any desired 
value of speed may be obtained. 
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The wave recorded at Tennessee having a duration of 50 
microseconds, compares quite closely with that reported by Mr. 
Peek which had a duration of 40 microseconds. They are of the 
same order of magnitude. However, it would be dangerous to 
draw conclusions from only two authentic records of actual 
lightning. Although, in general, lightning surges may be of this 
order of duration and shape, they probably vary considerably 
and a great many more data are needed. In the effort to obtain 
such data our activities for the present season have been ex¬ 
panded and we will have five Norinder oscillographs in operation, 
ready to record lightning on actual lines. Two of these are those 
installed last year in Tennessee; a third is now installed on the 
132-kv. line of the Public Service Company of Northern Illinois 
near Chicago; a fourth is on the 132-kv. line of the American Gas 
& Electric Company near Charlestown, West Virginia; and the 
fifth is on the 220-kv. line now under construction of the Public 
Service Gas & Electric Company of New Jersey. With the 
activities now going on, undoubtedly more actual records of 
lightning will be obtained before the season is over. 

There are two sides to the lightning problem; one is the deter¬ 
mination of the actual lightning surge as generated, and the 
other is the determination of how it performs on an actual line. 
The performance of traveling waves has been studied theoret¬ 
ically and has been calculated, but there are certain quantities 
which must be included in such calculations which are not 
/definite. Such quantities are the value of conductor and earth 
^resistances under traveling wave conditions, the effective size 
s and spacing of the conductors and their images which determine 
the self and mutual surge impedance, the value of terminal 
ground resistance, etc. The mutual surge impedance between 
conductors determines how ground wires act on line conditions, 
and. data on mutual surge impedances under varying conditions 
are needed. Also, information as to the effect of apparatus on 
surges must be determined. Mr. Peek has reported that waves 
as they travel along a line are attenuated rapidly by the effect 
of corona. This attenuation has been roughly determined by the 
Mydonograph but more accurate information is needed. In 
view of the small number of actual lightning surges which may 
be expected at any one point, all of the above factors may be 
studied much more efficiently by the use of artificial surges. 

Mr. Peek has mentioned the work combining a surge generator 
and cathode ray oscillograph on actual lines as being done by 
Mr. McEachron of his company. This type of work was first 
started in this country three years ago in a test on a 4^-mi, 
length of 33-kv. line between Rankin and Wilmerding, Pennsyl¬ 
vania. Due to the limitations of time, apparatus, and insu¬ 
lation, the amount of actual data secured was limited but many 
of the above mentioned points were determined under the condi¬ 
tions used and a great amount of experience was obtained which 
will prove extremely valuable in the more elaborate tests now 
under way. 

As mentioned by Mr. Peek, Mr. McEachron has gone forward 
extending this type of test to a 66-kv. line of considerably 
greater length. Naturally he has made his apparatus more 
flexible for this type of work. We are now planning to extend 
the work to a 220-kv. installation. The 220-kv. line in New 
Jersey on which a Norinder cathode ray oscillograph is being 
installed for the purpose of studying lightning, as mentioned 
above, being in the construction period and therefore free from 
the complications imposed by having dynamic voltage and load 
on the line, presented a rare opportunity for the study of the 
performance of surges on a line by means of a surge generator 
and cathode ray oscillograph. Therefore, in this test the cathode 
ray oscillograph installation has been made portable and a 
portable 1,000,000-volt surge generator is being added. This 
makes the entire set-up very flexible as either unit can be moved 
and connected to any point on the line desired. As a result 
of this work and that of Mr. McEachron, before the year is 
out most of the questions outlined above should be settled with 


considerable accuracy. This will be but a small fraction of the 
time that would have been required had actual lightning surges 
been waited for. 

Mr. Peek mentioned that direct strokes generally arc over the 
insulation and that the usual surge with which we have to con¬ 
tend on transmission lines is the result of an induced stroke. 
We see no logical basis for the belief that direct strokes are 
necessarily so severe as to be hopeless on our higher voltage 
lines and we have a great amount of evidence which indicates 
that this is not necessarily so. In fact, from the data we are 
led to believe that the majority of the surges with which we have 
to deal on transmission lines and which have been recorded in 
Mydonograph tests are the result of direct rather than induced 
strokes. 

The fact that with three groups working only two surges of 
actual lightning on transmission lines were obtained last year, 
stresses the point that lightning surges do not occur frequently 
at one point on a line and that no large number of records can 
be expected. This points out the need for greatly expanding 
•the activity in this direction in order to obtain the necessary 
data in a reasonable time. The only way to obtain data is by 
measurements on actual transmission lines. It is relatively 
easy to obtain lightning surges on short antennas since on such 
conductors high potentials are induced by strokes even though 
at some distance from the location. However, such records 
mean very little. The fact that many occur on antennas and 
extremely few occur on continuous lines determines conclusively 
that there is a wide fundamental difference between the condi¬ 
tions and that by the time an antenna picture is interpreted in 
terms of a surge on a continuous line not much reliance can be 
placed on the interpretation. 

It has been suggested that the present activities by the different 
groups, each working on their own problem, is the best way of 
solving the lightning problem. I must take exception to this 
point of view since 1 believe it is an established fact that nothing 
is done by scattered individual effort as well as by an organized 
engineering study and I believe that a real coordinated study of 
lightning is needed. Much of the study should be done on a 
greatly expanded scale and a great many more installations are 
needed. An organized effort should provide more funds and 
avoid duplication of work. When we consider that $150,000,000 
per year is being spent on transmission lines alone, certainly the 
$’500,000 to $1,000,000 per year necessary to do this work prop¬ 
erly is amply justified for research of so fundamental a problem. 
This amount of money is not being spent at present because the 
whole industry is not cooperating. Only those who have 
immediate needs, together with the manufacturers, are putting 
forth any effort and more is needed. It is believed that the 
necessary cooperation and support would be forthcoming if 
the work were headed up by some authoritative organization. 

F. W. Peek, Jr.* I do not feel that I need go into an elabor¬ 
ate closing discussion since the results of my own work are well 
covered by my paper. There are a few points, however, that 
I must clarify. 

I am quite in sympathy with the views expressed by Mr. 
Roper. We have had a coordinated plan of study for the 
solution of the lightning problem under way for a number of 
years. Operating engineers have collaborated with us in this 
plan and have been of great assistance. Scientific and engineer¬ 
ing problems are generally solved by those who are extremely 
interested and enthusiastic rather than by a committee. Our 
general plan has been to observe lightning in the field, reproduce 
it in the laboratory and coordinate the results with a mathe¬ 
matical and physical study. The progress of such an investi¬ 
gation is slow at first, but becomes very rapid as data are accumu¬ 
lated and. better instruments are developed. Within the last 
five years “lightning” has been put on an engineering basis. 
As an instance of recent progress, during the past year 5,000,000 
volts have been directly generated in the laboratory; natural 
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lightning waves recorded by oscillograms have been reproduced 
and used in research on insulators and apparatus; waves have 
been sent over lines and their effects in their travels on the 
insulators, inductance coils, open lines, etc., recorded by the 
oscillograph; the wavers have now been followed into the trans¬ 
former and Messrs. Brand and Palneff have shown how high 
internal voltage concentrations occur in the ordinary transformer 
and how they can be prevented in the new non-resonating 
transformer. 

One of the diseussors has implied that I have expressed the 
opinion that most lightning failures are caused by induced volt¬ 
ages. It was not my intention to give this impression. I did 
say that most lightning voltages that happen on transmission 
lines are caused by induction. Direct strokes to transmission 
lines undoubtedly occur and may be the main cause of trouble 
iu some of tho very highly insulated lines. However, there is 
also evidence that induced voltages may be very high. This 
applies particularly to those induced voltages caused by direct 
strokes in the vicinity of the line. I might also point out here, 
as I have before, that high induced voltage can only result from 
a very rapid collapse of the electrostatic field, or what is the same 
thing, a very rapid discharge of the cloud. The laboratory 
curves for the lightning fiashover voltage of insulators were 
obtainod with all types of waves, since all types of waves must 
occur on transmission lines. However, the wave used as a stand¬ 
ard is tho one that gives the same arcover voltage for insulators 
as natural lightning does under the worst conditions on actual 
high-voltage lines. Those measurements on insulator flashovers 
afford a cheek on the effective duration of the waves occurring 
on transmission lines. The lightning waves already measured 
are what would be expected from the hundreds of fiashover 
voltages recorded. As brought out in my paper, a total of five 
oscillograms of waves was obtained last year. A more elaborate 
program is under way this year and a number of cathode ray 
oscillographs is connected to lines. 

The cathode ray oscillograms shown in the paper by Messrs. 
Brand and Palueff, are extremely interesting and important. 
In fact, it is my opinion that the non-resonating transformer is 
one of the most important developments that have been made in 
high-voltago transformers in many years. 

• K. K. Palucff: It is gratifying to learn that oscillographic 
study of transformer oscillation conducted by Mr. Peters during 
the last few months, confirmed the theory and the oscillographic 
records presented to the Institute by the present writer at the 
last Winter Convention. 

Thus, the fact that a single traveling wave is capable of pro¬ 
ducing complox and severe oscillations within the winding, 
causing it to rise above ground potential far in excess of the 
uniform voltage distribution, is no longer disputed. 

Mr. Peters* present discussion shows that there is still some 
difference of opinion in regard to the relation between the ampli¬ 
tude of intornal oscillations produced by long and short waves. 

Mr. Peters states: 

(a) Short waves of the order of 2 to 5 microseconds do not 
produce oscillations which overshoot the uniform voltage distri¬ 
bution. 

(b) Long waves, of say 15 microseconds, do produce such 
oscillations. 

(c) If the arcover value of the line insulation adjacent to 
the transformer is E for the short wave, then for a long wave 
(15 microseconds) it is 0.60 E . 

(d) Thus, generally spealdng, the internal voltages, if ex¬ 
pressed in volts instead of fractions of applied voltage, produced 
by a long and a short wave, are about the same and do not 
overshoot the uniform voltage distribution drawn for the applied 
voltage of E, 

The present writer’s views on the above paragraphs are as 
follows: 

(a) Harmonic analysis as well as the oscillographic data, of 


the relation between length of the wave and the amplitudes 
of the internal oscillations, indicate that the voltage to ground of 
approximately one-third of the winding stack near the grounded 
end, caused by a short wave, like those produced by fiashover 
of line insulators by a lightning traveling wave, overshoot very 
substantially the uniform voltage distribution. (See oscillo¬ 
gram No. 5 of Fig. 9, and oscillograms 6, 7, 8, 9 of Fig. 21, and 
also Fig. S of the present paper.) These oscillograms show, for* 
example, that a wave cut to a length of approximately 3 micro¬ 
seconds by an insulator fiashover, causes the voltage of a point 
of the winding 16 per cent away from the grounded end to rise 
to 79 per cent of the crest value of this short wave, instead of 
being not over 16 per cent as Mr. Peters states. 

(b) . In this statement, Mr. Peters confirmed the writer's 
view as expressed in the present and previous papers. 

(c) Examination of the oscillographic data presented to 
the Institute on the variation of impulse ratio of line insulators 
with variation of the length of the traveling wave, shows that 
there is only one paper that gives the numerical relation of these 
factors. This paper was the one presented by Mr. Peek at the 
Winter Convention. Fig. 11 of this paper shows that if the line 
insulation arcover voltage for a short wave (5 microseconds) 
is E, then for a long wave (20 microseconds) of the same front 
as the short one, it is approximately 0.93 E and not 0.60 as Mr. 
Peters states. 

(d) From the above, it follows that both short and long waves 
are capable of producing internal voltages far in excess of the 
uniform voltage distribution.. If the amplitudes of oscillation 
produced by short and long waves are expressed in volts instead 
of in fractions of amplitude of the applied voltage, then generally 
speaking, two-thirds of the winding is brought to higher potential 
above ground by the long waves than by the short. For the 
other third of the winding, at the grounded end, however, the 
voltage to ground is high even with short waves. 

Mr. Peters further suggests that amplitude of the internal 
oscillations “can be controlled to considerable extent by properly 
selecting the physical proportions of the windings." Nothing 
can be said against such a statement if the physical proportions 
actually used in power transformers of all types are not taken 
into consideration. 

Very unfortunately, practical designs allow such a narrow- 
variation of the proportion that no radical benefit can be derived 
from change of the width and the length of the winding stack of 
any given type of transformer. 

It appears that in practical transformer design, the high- 
frequency characteristics can be substantially modified only by 
use of electrostatic shields. 

I think it would be of considerable interest to the Institute if 
Mr. Peters shows us the proportions of the winding of a practical 
power transformer that will give substantial improvement in 
transient voltage stresses. I think that the statement of quan¬ 
titative relation between these proportions and the amplitudes 
of transient voltages would be of particular value as a general 
statement in such a problem may be misleading. 

Answering Mr. Roper's discussion, I should like to say that 
laboratory transient voltage tests have been made on the entire 
range of transformers, including distribution, instrument, and 
power transformers, of a variety of sizes and types. The test 
data published were obtained, as stated on the fifth page, on a 
6600-kv-a., 110-kv. concentric-type transformer, and a 1000- 
kv-a., 44-kv. shell-type transformer, in conjunction with a trans¬ 
mission line. 

Mr. Marshall touches a very interesting phase of the phenome¬ 
non. In the original form, this paper contained a rather detailed 
explanation of the reasons that make the frequency of the suc¬ 
cessive harmonics of the transformer windings increase faster 
than their order. In the attempt to shorten the paper, these 
explanatory remarks were omitted, and only Figs. 4 and 5 were 
retained in the hope that closer examination of these two figures 
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by the inquisitive reader would be sufficient to explain this 
rather unique relation. 

The reason for such an unusual relation can be explained as 
follows:—The oscillation of the first few harmonies takes place 
essentially between the inductance of the winding and its capaci¬ 
tance to ground. And it is these harmonics, therefore, that are 
principally responsible for the rise of the potential of the winding 
above ground, after the impact of the traveling wave. For 
this reason, the equivalent circuit of the transformer winding 
for the first few harmonics can be simplified by omission of 
the series capacitance C w , thereby converting it into circuit b 
of Fig. 1. 

Fundamental Harmonic. In spite of the fact that all con¬ 
densers of this circuit are the same, the simultaneous voltage to 
ground of a given harmonic is different for different condensers 
C 8 and follows the space waves shown by sine wave No. 1 of 
Fig. 4. 

For instance, the potential difference forcing into oscillation 
the condensers of the middle of the winding is 54 per cent of the 
line voltage while it is 38 per cent for condensers at 25 and 75 
per cent points and zero for those at the ends (see Fig. 4). For 
this reason, the effective capacitance of the winding to ground, 
entering into an oscillation of fundamental frequency, is not 
equal to C, (the sum of all condensers of the equivalent circuit, 
b of Fig. 1), but only to a certain fraction thereof, for instance 
Ki C. 

Examination of the fundamental-frequency space wave, 
shown by curve No. 1, Fig. 4, reveals that voltages between 
adjacent elements of the winding are maximum at the ends of 
the winding, and zero in the middle. These voltages are of such 
polarity that the currents flow in opposite directions in the two 
halves of the “winding, with maximum current at the end of the 
winding and zero current iii the middle. (See 2, 3, 4 of Fig. 4.) 

The magnetic flux distribution of fundamental frequency 
shown on 5, Fig. 4 indicates that the effective inductance for the 
fundamental harmonic oscillation is a certain fraction, say 
K%, of inductance L obtained by connecting two halves of the 
winding in series and bucking. The frequency of oscillation 

A 

of the fundamental harmonic, therefore, will be/i ” ^ -yflTc 

where A is a constant independent of the transformer charac¬ 
teristics. 

Second Harmonic. As the space wave of the second harmonic 
consists of two halves of the sine wave shown by wave No. 1 of 
Fig. 5, each half covers only one-half of the length of the winding 
and therefore the effective capacitance of each half equals half 
of the effective capacitance for the fundamental harmonic of the 
entire winding. In addition, we find that the second harmonic 
voltage of the line half of the winding is positive and that of the 
ground half is negative. For this reason, the effective capaci¬ 
tances of the two halves of the winding may be considered as 
connected in series, thus making the effective capacitance of the 
entire winding for the second harmonic equal to one-fourth of the 
effective capacitance for the fundamental harmonic. 

As these elementary condensers discharge into the inductance 


of the winding, currents will be created as shown by curve 3 
of Fig. 5 and by the arrows on the equivalent circuit diagram 
4, Fig. 5. The magnetic flux distribution will be as shown 
on 5 of Fig. 5. Comparison of the current and flux distribution 
of the second harmonic with that of the fundamental shows that 
the effective inductance for the second harmonic is very nearly 
equal to one-fourth of the fundamental. 

It follows that frequency of the second harmonic f% 

4 1 

Ki V L C = 4 ^‘ 

In a similar manner, it can be shown that the frequency of 
the third harmonic is approximately 9 F x . 

With increasing order of harmonics, the voltage of each 
quarter of a cycle appears across smaller and smaller parts 
of the winding. For instance, the full value of the tenth har¬ 
monic appears across every 2.5 per cent of the winding. There¬ 
fore, the series capacitance between adjacent coils of the winding 
becomes more important than their capacitance to ground. 
Hence, for higher harmonics, the equivalent circuit of the trans¬ 
former winding can be simplified by the omission of condensers 
to ground C g of circuit a of Fig. 1, converting it into circuit c 
of the same figure, and the ratio of frequency of oscillation will 
be directly proportional to the first power of the order of the 
harmonies. 

On account of the variation of the ratio of the capacitance 
between coils, and capacitance to ground for different trans¬ 
formers, in many cases the series capacitance cannot be neglected 
when calculating the frequency of even the first three harmonics 
and the ratio of their frequencies therefore, instead of being 
1:4:9, may actually be 1:3:7, or even 1:2, 5:6. 

As far as the transformation of high-frequency oscillations 
from the high-voltage winding to the terminals of the low-volt¬ 
age winding and the bus structure, is concerned, I feel that space 
limitations will not permit me to answer them completely at 
the present time. I should like to say, however, that high- 
frequency oscillations originating on the high-voltage side, after 
going through considerable modification, appear on the low- 
voltage side. The wave shape of the low-voltage winding oscil¬ 
lation varies with transformer characteristics as well as with 
that of the apparatus and bus structure connected to the low 
voltage. Their magnitudes may, and do, reach, under certain 
circumstances, dangerously high values, sometimes sufficiently 
high to are over the bus structure, or damage the low-voltage 
network. 

The transients that are best communicated from the high 
side to the low, are those of relatively low frequency. The 
traveling wave that is best communicated to the low-voltage 
side is one of considerable length, but of course it appears on the 
low-voltage side, not as a traveling wave, but as a complex 
oscillation, the shape of which depends not only on the trans¬ 
former characteristics and those of the low-voltage network, 
but also on the shape of the traveling wave. 

It generally can be stated, however, that with low-voltage 
windings located concentric with high-voltage winding, the 
high-frequency voltages transformed to low-voltage terminals 
are not as severe as in case of two windings being interleaved. 
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D URING the last few years many fundamental 
problems of illumination for night flying have 
been solved by both civil and military organiza¬ 
tions. Although the future may see considerable 
divergence between military and civil lighting practise, 
at the present time both are similar and in fact commer¬ 
cial aviation has largely followed the trend of military 
design. 

The components of a complete lighting system for an 
airway and its terminals have gradually increased in 
number as the need for their existence has become 
evident through experience. Particularly is this true 
of the equipment at the terminal airports. Here , is a 
list of those components which should be considered in 
planning a system for lighting a terminal flying field, 
given in the order of importance: (1) beacon, (2) 
obstruction lights, (3) boundary lights, (4) illuminated 
wind direction indicator, (5) flood lights, (6) building 
flood lights, (7) signal lights, (8) ceiling projector. 
The components of a lighting system for an airway will 
be given later. There is some controversy as to the 
the relative order of importance of the items listed 
above, 1,P U but the question is unimportant, for experi¬ 
ence indicates that the lack of even the least important 
item may cause a fatal accident. A night mail pilot 
with insufficient fog flying experience took off into a low 
fog, stalled his airplane, and dove into the ground to 
his death. A positive knowledge of the ceiling through 
the use of a ceiling projector might have forestalled the 
flight. 

The difficulty of night flying lies not so much in 
taking off from an airport to fly as in locating an air¬ 
port and landing safely upon it when once in the air. 
Some experienced pilots prefer to take off without 
flood lights so long as the horizon is visible, for the 
reason that the pupils of their eyes will not have been 
contracted by any artificial light. A forced landing 
outside the field immediately after the take-off, in which 
insufficient altitude has been gained to make a return 
glide to the landing field advisable, might be more seri¬ 
ous than would otherwise have been the case with eyes 
accustomed to the darkness. 

If the problems confronting the night pilot desiring 

*Air Corps, IT. S. Army, Duncan Field, San Antonio, Tex. 

1. For references see Bibliography. 

Presented at the Regional Meeting of the South West District 
of the A. I. E. E., Dallas, Texas, May 7-9,1929. 


to land are based upon a succession of observations and 
decisions, we may well attack those problems in the 
order in which they occur to the pilot. 

Airport Beacon. No mariner ever experienced 
greater satisfaction in identifying a lighthouse than a 
night pilot feels when he is uncertain of his exact 
location and finally espies the aerial beacon for which 
he has been searching the horizon. The majority of 
night flights must be completed before dawn due to 
lack of sufficient fuel to remain aloft. A landing 
field must be located before the fuel is exhausted. 

What sort of light can pilots most easily pick up, 
a white light or colored, a fixed, flashing, or occulting 
light? The question of a colored beacon was brought 
up with the development of the red neon light and its 
comparative value as a beacon is still unsettled, al¬ 
though an official government test 2 ' 2 indicates that in 

dear weather the range of a neon beacon is no better 
than street lights. Extravagant claims have been made 
for the fog piercing quality of the neon light, especially 
in Europe and England, 4, pp ' 2 ‘ 6 but the marked advan¬ 
tage of this light source has not been proved. 3 ’® -4 In 
view of the fact that even the position of the sun can¬ 
not be determined through more than a few hundred 
feet of fog, human efforts to overcome the fog hazard 
by artificial lighting are probably wasted so far as 
beacons are concerned. 

Now in regard to the problem of using fixed, flashing, 
or occulting beacons, this problem was solved for the 
aviator hundreds of years ago by the navigators of the 
sea. Flashing or occulting beacons are absolutely 
essential, not only because they can be located more 
easily, but because of the prevalence of fixed lights 
throughout the country which would be confusing to a 
pilot searching for a fixed beacon light. 

A short flash followed by a longer period of eclipse 
will be referred to as “flashing,” while a long period of 
illumination followed by a short period of eclipse will 
be referred to as “occulting.” The department of 
commerce recommends a flashing beacon having a flash 
duration not less than 1/10 second, luminous period not 
less than 10 per cent, and eclipse period not greater 
than 10 seconds. 1, p ‘ 11 

The writer once experienced a search for a beacon 
on a night flight unguided by intermediate route lights. 
The beacon was a rotating projected beam light of 
approximately 10 deg. uniform divergence flashing 
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for a duration of about K sec. every 10 sec. It was 
noted that that period of eclipse was much too long, 
and the flash much too short, requiring an unreasonable 
period of concentration upon the light to establish its 
identity. The subject of the most suitable periods of 
flashing and eclipse commensurate with a reasonable 
cost for the beacon might well be made a matter of 

experiment. . 

An authority on night lighting equipment states that 
« the periods of illumination of a flashing light 
should have a duration of at least one seeond and for 
similar reasons the period of eclipse in an occulting 
light should have at least the same duration. On the 
other hand, it is undesirable that the period of eclipse 
in a flashing light or the period of illumination in an 
occulting light should be too long, especially where 
many other ground lights or other aviation beacons are 
in the vicinity, as in cloudy weather or bumpy air it is 
difficult to establish the identity of a beacon having 
such long periodicity.” 6 ' p ' 10 

There are various types of airport beacon in use at 
the present time. The most common in the United 
States is the rotating searchlight type with a 24-in. 
dioptric lens, 1500-watt incandescent lamp, and para¬ 
bolic reflector. An electric motor in the base rotates 
the light. A recent development of the light includes 
a lamp changer mechanism which automatically brings 
a new lamp into position and incandescence, at the 
same tim e giving a warning of the burned out lamp at 
the control office. 6,11 ' 2 The beam has a vertical 
divergence of 3 to 4 deg., and a horizontal divergence of 
10 to 40 deg. The greater horizontal divergence in¬ 
creases the length of flash, but decreases its intensity. 
This difficulty of securing great intensity and length of 
flash is the only criticism that can be made against this 
beacon. Even with a 40-deg. horizontal divergence, 
the length of flash is only 11/9 sec. at 6 rev. per min. 
But the more serious fault of this periodicity is the 
eclipse of 8 8/9 sec. Equal periods of flash and eclipse 
would be more suitable, but a beacon furnishing such a 
light appears to be more costly. A 360-deg. lighthouse 
lens with revolving reflector would provide such a light. 

To secure proper distribution of the lower edge of 
such a beacon beam along the horizon, some method of 
adjustment ought to be incorporated in the light, 
either by an adjustable pivot or an adjustable base. 
The latter appears to be more practical. The French 
are using tripod type of mount for this purpose on some 
of their lights. 

The problem of securing visibility of the rotating 
searchlight beacon over the entire sky is solved in some 
cases through the use of a vertical slit on the face and 
transversely along the top of the drum, thus projecting 
a slender beam to the zenith. The upper edge of a 4 
deg. diverging beam, whose lower edge is on the hori¬ 
zon, passes the 1000-ft. level at 3 mi., 3000-f.t. at 8 mi., 
and 5000-ft. at 13 mi. from the source. A pilot flying 
over the beacon within the inverted cone formed by the 


upper edge of the beam would not see the main beam 
during 26 mi. of flight if he were flying at 5000 ft. 
altitude. 

If a water tower is located in the vicinity of the 
airport, it may be fitted up as a satisfactory short 
range beacon by painting the wall of the tank white 
and flood lighting it by means of signboard flashing 
lights surrounding the periphery. Since such a tower 
would otherwise have been wired for obstruction lights 
to safeguard pilots from colliding with it, the cost 
involved comprises only the lamps, fixtures, signboard 
flasher, and white paint. A sufficient number of light 
sources would provide against interruption of the 
beacon caused by a burned out lamp. 

If for any airport lighting system the range of the 
water tower beacon is not considered sufficient, the 
tower may still be used to good advantage to mount on 
its peak any other type of flashing beacon. There are 
two advantages gained in mounting the flashing beacon 
on a tower high above the landing field. First, it allows 
the lower edge of the light beam to be adjusted below the 
horizontal, in line with the new horizon. This gives 
greater range of the beacon to a low flying airplane 
forced to fly near the ground by low clouds. Setting a 
beacon 100 ft. above the ground increases its range at 
ground level 13 mi. Second, a flashing beacon near the 
ground is disconcerting to a pilot about to land. When 
the intense rays of the beacon strike his eyes, the pupils 
converge and handicap his vision. To mount an air¬ 
port beacon high is therefore a distinct advantage. 

At the Croydon airport, London, a unique beacon has 
been tested and been found to possess unusually good 
visibility in thick atmosphere. It consists of a moving 
chain passing through a solution of strontium and then 
through an oxy-aeetylene flame. The resultant light 
is very intense, but its superiority to an electric beacon 
does not appear to be sufficient to warrant its general 
adoption. In direct comparison with the strontium 
beacon, the Croyden airport is equipped with a trun¬ 
cated cone neon beacon, which is reported to pierce a 
small amount of fog better than any other beacon at 
the field. 8, p ' 4 

The last beacon, and probably the favorite of night 
pilots, is the lighthouse type of beacon wtih 360-deg. 
Fresnal lens units. For the same power input, these 
beacons do not have the range of the searchlight type 
due to the fact that the light is diffused over 360 deg. 
as compared to 10 to 40 deg. for the searchlight type. 
But oh the other hand, the lighthouse beacon can be 
designed to give any type of flash desired. The 
largest beacons of this type are located in France, one 
near Paris, and one near Dijon. Each has 1,000,000,000 
cp., sufficient to give a range of visibility of 100 mi. in 
clear weather. 

To sum up the present practise in the use of airport 
beacons, the projected beam type is most common in 
the United States, the Fresnal lens lighthouse beacon 
is favored in France, 4, P-1 while the flashing neon beacon 
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is extensively used in Germany. 4, p - 3 England, also, 
is partial to the neon beacon due to the claim for its fog 
piercing quality. Since the Fresnal lenses are expensive 
to manufacture, while the rieon tubes are expensive to 
operate, it is evident that European practise in night 
lighting does not consider cost so important as 
superiority of equipment. 

Obstruction Lights. After a pilot locates his la n din g 
field through the aid of the airport beacon, he ap¬ 
proaches the field and observes obstructions which he 
must avoid while examining the landing area, the wind 
direction indicator, and ships about to land or take off. 
Crashes which occur through colliding with other air¬ 
planes near the ground or with obstacles while still in 
flight are usually fatal to the occupants. The obstruc¬ 
tion lights are therefore very important in any plan for 
lighting an airport. A careful analysis must be made 
of the probability of an airplane colliding with any 
obstacle within a half mile of the field, and other obsta¬ 
cles farther away which are on the direct line of an air¬ 
way. It is reasonable to assume that no pilot will fly 
lower than 100 ft. altitude until actually making his 
approach for a landing. Ordinarily, no obstacles less 
than 50 ft. high, which do not immediately surround the 
field, need be lighted. However, each field presents 
special problems, and no set rule can be made. It 
should be borne in mind that an airplane glides at an 
angle never steeper than 1 to 5. This will indicate 
roughly what structures or natural objects in the 
vicinity of an airdrome should be considered obstruc¬ 
tions. A compromise between ultra safety and cdst 
must always be made. Poor pilots will sometimes hit 
obstacles in spite of everything that can be done to 
safeguard them. 

The universal practise in Europe and America follows 
the recommendations laid down at the International' 
Air Convention for marking obstacles with red lights. 
The Material Division of the Air Corps recommends 
the use of 50-watt lamps in ruby globes of high light 
transmission qualities. 6 - 5,4 The lights bum steadily, 
and may be connected with the field lighting circuit as 
will be discussed later. The lamp fixtures should be 
so placed that the obstacle light can be seen from the 
horizontal to the zenith in all directions, and from the 
ground anywhere on the airdrome. Flag poles and 
chimneys may be lighted conveniently by the use of 
unattached fixtures raised to the top by lanyards 
carried over a pulley at the top. The light can be 
exchanged at sunrise and sunset with a flag in the case 
of a flag pole, and can remain constantly in place on a 
chimney save when lamp replacement or cleaning is 
necessary. 6, p-4 Lights too far from the airdrome to 
make practical a connection with the field circuit can be 
installed with a separate meter, attached to the circuit 
of some other party and rent be paid therefor, or, in the 
event that no power lines are conveniently near, it may 
be more economical to install an automatic gas light 


to bum constantly until necessary to replace the gas 
cylinder at the end of several months. 

Boundary Lights. When the pilot of an airplane has 
observed all the obstructions about a field upon which 
he intends to land, his next observation is usually to 
determine the extent and nature of the field. Boundary 
lights can answer both of these questions. The Depart¬ 
ment of Commerce has made a careful study of the 
boundary light problem and has published the results in 
Aeronautics Bulletin No. 2. 1,p ' 12 That bulletin should 
be consulted in drawing up a plan for an airport light¬ 
ing system. 

The general practise for placing boundary lights is 
to outline the field completely except along the hangars, 
outline just the comers of the field, or outline the run¬ 
ways. The last method is the most expensive, and, 
in the case of raised lights, invites collision from a 
rolling airplane. However, with lights installed flush 
with the ground or raised only a few inches, permitting 
an airplane wheel to roll over without damage, this 
system has a distinct advantage. It enables the field 
manager to indicate clearly the best approach and best 
place to land under various wind conditions by merely 
lighting the one runway which should be used. 

A succession of white neon tubes end to end, spaced 
intermittently along each side of a runway, enclosed 
and protected by a concrete trough covered with side¬ 
walk glass, has been suggested for experiment. Some 
such arrangement has evidently been tried at Croyden, 
but no report on the results obtained is available. 
Or a succession of incandescent lamps spaced 100 to 200 
ft. apart, and placed in a suitable concrete base, would 
answer the same purpose, but would not be so visible 
in heavy atmosphere. Sometime radio is likely to solve 
the danger of fog flying, and when that time comes some 
supplementary lighting of the landing runway will be 
necessary. Two solid lines of red neon tubes may be 
the solution. 

A special plea is made for the design of boundary 
lights which are fairly indestmctible. The present 
practise of installing a lamp 1 to 3 ft. above the ground 
on the top of a pipe set in concrete 11 p> 12 has one insur¬ 
mountable drawback. The installation attracts the 
attention of curious people, and invites malicious people 
or undisciplined children to break or pilfer the globes 
and lamps. No measure short of a constant guard near 
such boundary lights will protect them from depreda¬ 
tion. Landing fields are too large for a manager on one 
side of the field to be responsible for the protection of the 
boundary lights on the opposite side. The design of 
lights flush with the ground will not attract so much 
attention, and it is believed they can be made fairly 
indestructible, at the same time fulfilling the purpose 
for which they are installed. 

Another advantage can be gained by using boundary 
lights flush with the ground. Instead of establishing a 
row of lights on the very edge of the landing area, such 
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a row could be placed 300 ft. from any edge along which 
a telephone or power line was located. Thus, a normal 
glide to the edge of the boundary lights would insure the 
pilot’s clearing the poles and wires by a safe margin. 
In addition, lights placed away from the edge of the 
field would be less conspicuous and less likely to be 
molested. 

In Europe and in England the use of automatic gas 
operated lights for both obstruction and boundary 
lights has been found to be the most economical instal¬ 
lation, 4,p-9 but ncf data on the relative cost of gas and 
electric operated boundary and obstruction lights in 
America are available at this writing. Undoubtedly, 
an electric system which is integral and controlled from 
the field administration building is convenient from the 
standpoint of control. From the standpoint of relia¬ 
bility, the individual gas lights are preferable. It is 
sim ply the story of not having all the eggs in one 
basket. 

At Croydon airport the gas boundary lights are of the 
flashing type, 1 /10 sec. flash and 9/10 sec. eclipse. This 
may be an advantage in distinguishing the boundary 
lights from the obstruction lights, but the practise 
hardly seems necessary. A more economical distin¬ 
guishing feature would be the use of white lights for 
lighting the boundary. In the case of lights flush with 
the ground, white lights would be necessary to secure 
sufficient intensity. 

Illuminated Wind Direction Indicator. Normal land¬ 
ings are always made into the wind in order to reduce 
the ground speed of the airplane as much as possible 
and retain directional control after the airplane is 
rolling on the ground. To indicate the direction of the 
wind to the pilot about to land, several devices are in 
use. For daytime operation, a wind cone of fabric 
attached at the larger end to an iron ring free to rotate 
about a vertical axis, and tapering from about 2 ft. 
diameter at the ring to 1 ft. at the smaller end, has been 
in use since the beginning of heavier-than-air flying. 
The first illuminated wind direction indicators naturally 
were developments of the wind cone. One authority 
maintains that illuminated wind cones are not satis¬ 
factory, s,p - 5 but a number of internally illuminated 
wind cones have been in service at a large Air Corps 
field for nearly a year and have given uninterrupted 
satisfactory service. 7 Such indicators are unquestion¬ 
ably the cheapest to install and maintain. 

Another type which is popular in England and 
Germany is a system of lights sunk flush with the ground 
level, so controlled by either a wind vane switch or 
manual operation in the administration building that 
an illuminated T is visible to the pilot. 

The best military practise in America calls for an 
externally illuminated T situated on the ground in 
front of the operation office of the field. It consists of a 
skeleton framework built in the shape of a T, carrying a 
vertical fin at the base of the T to hold the head of the 
T into the wind, all covered with airplane doth, and 


suitably finished. 6-Flg-6 It is supported horizontally 
above the ground on a pivot located at the center of 
gravity. The illumination is provided by two rows of 
10-watt lamps located on top of the T. The current is 
transmitted through a brush arrangement on the sup¬ 
porting bearing. For night visibility, the best color 
for the T is white, whereas for daytime visibility the 
most satisfactory arrangement developed to date is a 
chrome yellow T riding a cement or wood background 
painted black. A good compromise would be a white 
T on a black background. 

The best practise seems to indicate a single wind 
direction indicator suitable for both day and night, 
either an illuminated wind cone or illuminated T. The 
latter is visible a greater distance, and therefore is more 
satisfactory to the flight leader of a formation of air¬ 
planes. The former is. more economical, and ought to 
fulfill the needs of most civil airports when properly 
designed. 

Flood Lights. No component of airport lighting 
systems has received so much attention and been the 
subject of so much experiment in this country as the 
airport flood lights. The problems connected with 
flood lighting have been many. At the same time, an 
airplane properly equipped for night flying is less de¬ 
pendent upon flood lights than upon several of the air¬ 
port lighting components generally considered less 
important. I landing lights now available for installa¬ 
tion on airplanes, developed by the Material Division 
of the Air Corps, make landing at night reasonably 
safe when the landing Add is properly boundary 
lighted. However, flood lights must be available in an 
emergency, and flood lights also improve the ability 
of a pilot to judge his height above the ground. 

Since the manner in which a pilot should pass flood 
lights in landing is an important factor in determining 
where the lights should be placed, considerable experi¬ 
menting has been done along this line. Some pilots 
recommend that the pilot glide down to a landing over 
the light and parallel to the 1 beam, others that he glide 
diagonally across the beam from the rear, and still 
others recommend that a landing be made perpendicular 
to the beam. However, the last recommendation is 
based upon the use of a single light source of the 180- 
deg. Fresnel lens lighthouse beacon type, or a battery 
of projectors arranged along the side of the field. The 
disadvantage of the first method is that when the air¬ 
plane enters the beam near the ground, the pilot is 
suddenly confronted with the shadow of his airplane 
extending far out in front of him. This disadvantage 
becomes less annoying as the path of a landing airplane 
is changed to a perpendicular to the light beam. No 
one recommends landing into the glare of a light. 

For several years the students at the Air Corps 
Advanced Flying School have been landing straight 
down, or diagonally across from the rear of the beam 
from a 500,000,000 high intensity arc, whose beam had 
a 40-deg. lateral divergence and a 4-deg. vertical 
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divergence. No difficulties have been experienced, and 
the embryo pilots found the landings quite easy. 
However, recent experiments at Wright Field, the home 
of the Air Corps Material Division, indicate that even 
better results can be obtained by greater lateral 
divergence of the beam and landings made perpendicu¬ 
lar to the principal axis of the beam. If the foregoing 
premise is accepted, then the flood lighting of any field 
to take care of various wind directions resolves itself 
into the use of two light sources or two batteries of 
light sources on adjacent sides of the field. Only the 
light from one side of the field will be operating at any 
one time and landings can be made either parallel to 
that side or diagonally away from it. The arrangement 
of flood lights is discussed and illustrated thoroughly in 
the Department of Commerce Aeronautics Bulletin 
No. 2. 1,p ‘ u 

The practise followed in the design of flood lights has 
been in the direction of two entirely different types of 
light units. Experiments in America for a number of 
years were restricted, for lack of funds, to the search¬ 
light type. Many of these units were manufactured 
during the World War, and were available for experi¬ 
ment. A 86-in. drum with a parabolic reflector and a 
high intensity arc light source was fitted with a dioptric 
lens which diverged the light beam laterally to a 40-deg. 
spread. This unit required the constant attention of an 
operator, the light emitted was not always steady, and 
when the arc had to be replaced a serious interruption 
of the light ensued. The first improvement of the unit 
consisted in substituting a 10-kw. incandescent lamp 
for the arc. The new light source did not have the same 
cp. as the arc, nor was the color of the light so good, 
but the rays were steady, a prompt lamp change could 
be made, and the quality of the light was satisfactory. 
The last major improvement was the incorporation of a 
lamp changer mechanism which automatically brought 
a new lamp into position and incandescence, and gave a 
warning signal in the control room when a lamp burned 
out. As a single narrow beam, single source flood light, 
this unit is very satisfactory. 

However, such a unit lights only a limited portion of 
the landing area. The advent of formation flying at 
night will require a wider distribution of light. To 
secure a greater light spread* would require a battery of 
such lights, the combined overlapping light of which 
would be much more intense than necessary. To secure 
a sufficient spread of light at a reasonable cost would 
require either a new type of single source light with a 
larger lateral divergence, or a battery of smaller 
projectors. 

European practise invited the attention of American 
engineers to the 180-deg. Fresnel lighthouse lens flood 
light, which has been tested comparatively with various 
types of flood lights 12 and found to be superior for the 
operation of airplanes in formation. A low mounting 
of the light, with a sharp cut-off on the upper edge of 
the beam secured by louvres, produced the most 


favorable illumination. One objectionable feature of 
this installation is that irregularities in the surface of 
the landing field produce shadows. 

To overcome this serious objection on irregular fields, 
a battery of six smaller 24-in. drum projectors with 
parabolic reflectors, 1500-watt lamps, and 40-deg. 
dioptric spread lens can be mounted on 10- to 15-ft. 
standards and spaced 200 to 300 ft. apart along the side 
of the field. This equipment is much less expensive 
than the single source lighthouse lens flood light, is 
preferable for irregular surfaced fields, and is therefore 
to be recommended for moderate sized airdromes from 
which airplanes operate one at a time. 12 » p ' 6 The cost 
of lighthouse lens units will probably limit their use to 
military airdromes and major terminals, while the com¬ 
ing host of smaller municipal airdromes will be equipped 
with batteries of 24-in. projectors. The present 
equipment which is being manufactured for flood 
lighting needs only to be installed properly to give 
entire satisfaction. Many refinements will be made in 
the future, but at least the fundamental problems have 
been solved. 

Signal Lights. Although the night traffic at munici¬ 
pal airports in this country has not yet reached the 
volume at which a system of signal lights is necessary, 
yet the day when such lights will be required is not far 
off. The Air Corps Advanced Flying School has been 
i iaing signal lights controlled from a command tower for 
several years. The installation consists of rows of blue 
incandescent lamps of small wattage mounted along 
the entire edge of the two ends of two adjacent hangars. 
Switches on the command tower permit any number of 
the four rows to be illuminated at one time. The signals 
that can be given are limited. Some system will no 
doubt be developed to use the Morse code. Weather 
reports will constitute the majority of messages to be 
transmitted, and the signals should therefore be visible 
at a high altitude. Perhaps neon tubes will offer clear 
cut light signals. 

It will be seen that the foregoing electric lighting 
equipment will entail a careful study to work out a 
satisfactory wiring and control system. The Material 
Division of the Air Corps has worked out a series circuit 
to include all of the lights at an airport. Q > P l8 To 
insure continuous operation an auxiliary power genera¬ 
tor must be included in the equipment. In addition, 
a safety precaution worth taking is to keep on hand at 
the administration building several magnesium flares. 
In case of snow or fog or failure of the electric circuit, 
these flares would be invaluable in case an airplane 
should arrive unexpectedly. 

Airway Lighting. The components of an airway 
lighting system are: (1) principal flashing beacons, (2) 
intermediate beacons, (3) emergency field lighting. 
Practise in airway lighting in Europe and America has 
been widely different, but as time goes on, the respective 
systems are growing more similar. Europe began 
lighting its airways with widely separated beacons 
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of tremendous candlepower. Two beacons are 
1,000,000,000 cp. each, located at Mount Valerien and 
Mount Afrique in France. Moderate sized inter¬ 
mediate beacons are located at the terminal airports, 4 > p - 20 
and still smaller beacons are being installed along the 
routes. In Germany, the majority opinion favors 
comparatively low power lights at frequent intervals 
from 1 to 2 mi. apart. 4 ’ 5 ' 4 On the Berlin-Konigsberg 
and Berlin-Amsterdam routes are used double series of 
neon lights which burn continuously night and day. 
Operation cost of each light is claimed to be about one 
dollar per month. 

American practise began with the installation of 
beacons, spaced close together, though not so close as 
in the present German practise. And now larger 
beacons are gradually being used at major terminals 
to supplement the small beacons. 

England has favored the automatic unattended gas 
lights 4 ’ 511 for aerial route beacons, and the Bureau of 
Aeronautics in our Department of Commerce has 
installed these beacons on some of the air mail routes 
where electric power is not available and the lights must 
operate unattended for long periods of time. 

Emergency landing fields are being established at 
approximately 25-mi. intervals along the air mail 
routes. Most of the flashing beacons are located at 
these emergency fields. The lighting equipment in 
addition to the beacon consists of boundary and obstruc¬ 
tion lights, and an illuminated landing T. 

Future Developments. The impetus which Congress 
gave to aviation through the establishment of a Bureau 
of Aeronautics in the Department of Commerce has 
been very great. The increase in night flying, en¬ 
couraged by the night air mail and the installation of 
airway lighting, has .been remarkable. Although the 
fundamental problems of aviation lighting have been 
solved, much important work lies ahead. As already 
mentioned there will probably be a continual divergence 
in practise between the requirements for civil aviation 
and military aviation. Two factors dictate this 
divergence: utility and cost. Night flying in the Army 
and Navy will develop into the operation of groups of 
airplanes as opposed to airplanes operating singly, so 
that flood lighting systems will probably be designed 
along two different lines. Also, military aviation will 
require mobile lighting units as well as permanent peace 
time installations, and therefore the development of 
dual equipment will require larger expenditures for 
military lighting than for civil. However, as will be 
noted in this paper, those who are charged with the 
design and installation of lighting equipment for 
private, municipal, and federal airports and airways 
will continue to draw upon the knowledge acquired and 
the experience gained by the pioneering work of the 
military services, and particularly in this country by the 
Material Division of the Air Corps. It is vitally neces¬ 
sary for the military services to pibneer in the develop¬ 
ment of material which will improve the system of 


national defense. It is also reasonable that where such 
development is useful to civil progress, the knowledge 
gained through the expenditure of public moneys should 
be extended freely to the public when not inimical to 
the security of the nation. Such are the conditions 
surrounding the development of almost all aviation 
lighting equipment by the U. S. Air Corps. When the 
business of furnishing lighting equipment to civil enter¬ 
prises grows to larger proportions we can look for great 
experimental work to be done outside of the Army and 
Navy.. That such a time will come is certain. The 
Army has for several years been drawing upon the ideas 
of commercial airplane designers for improvements in 
airplanes, and the day is not far distant when very 
superior aviation lighting equipment will be designed 
for civil use. 
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Synopsis.—This paper describes the main electrical features of states the type and capacities of the major electncal equipment and 
the new works recently constructed for additional water supply for touches briefly on the wiring and lighting systems. It does not 
Kansas City, Missouri. It enumerates the chief features of the treat the efficiencies or the costs of the equipment. 
power contract under which the city is purchasing its power. It * * * * * 


U NTIL comparatively recently standard water¬ 
works practise was confined almost exclusively 
to the plunger type of pumps driven by recipro¬ 
cating engines. They afforded economic operation 
over a wide range of conditions, but the floor space 
requirements and the capital investment were con¬ 
siderable. When it became expedient, in many cases, 
to install additional pumping capacity in a limited 
space and with limited funds, the turbo centrifugal 
pump received recognition. Its successful performance 
paved the way for electric motor centrifugal pumps 
which offered still further economies in capital invest¬ 
ment. At the time when Kansas City was formulating 
its decision on the important question of steam-turbine 
or electric motor centrifugal pumps, standard prac¬ 
tise, especially in the case of high-head pumpage, was 
strongly in favor of the former. In fact, of the thirty- 
five largest cities of the United States, only two or three 
used the electric motor as a prime mover, and one of 
these operated on “off-peak” power using storage 
reservoirs. Inasmuch as Kansas City is on a direct 
pumpage basis and cannot avail itself of the benefits 
of “off-peak” power rates, conditions are not exactly 
comparable. 

Another factor which militated against electric drive 
in Kansas City was the fact that the city would be 
totally dependent, for its water, on purchased electric 
power with all the hazards, real and imaginary, that are 
involved in seven or eight miles of feeder lines, in addi¬ 
tion to other likely causes of service interruptions. In 
consequence, the electrical layout had to be such as to 
give maximum assurance of continuity of service but 
still be kept within limited capital investment since the 
latter was one of the chief assets of electric drive. Inas¬ 
much as a comparison of over-all costs, that is, fixed and 
operating charges, between steam and electric drive was 
made, it was necessary to have low power rates to offset 
increases in fixed charges. 


Power Contract 

At this stage it might be interesting to discuss the 
power contract between the city and the local public 
utility which contains some unusual features and which 


1. Consulting Engineer, Kansas City, Missouri. 

Presented at the Regional Meeting of the South West District 
No. 7, of the A. I. E. E., DaUas, Texas, May 7-9,1999. 


had some bearing on the selection of the type of equip¬ 
ment chosen. Some of the outstanding features of the 
contract are these: 

1. That the city shall have first call on the power 
plants of the company. 

2. That no substations shall intervene between the 
pumping stations and the power plant. 

3. That duplicate feeders of very liberal capacity 
shall connect the stations with the power plant by two 
separate and independent routes. 

4. That no other consumers shall be served by these 
feeders. 

5. That the “off-peak” demands be calculated on a 
monthly average of daily half-hour peaks rather than 
on an individual half-hour. 

6. That peak demands due to large fires, or emer¬ 
gency due to breakage of large mains, etc., not be con¬ 
sidered in establishing the maximum demand. 

7. That the peak months of water pumpage— 
viz.—June, July, and August, not be considered in 
establishing the maximum demand but be treated as 
individual months. 

8. That a credit or debit be allowed or charged 
depending on the cost of fuel relative to a certain base 
price. 

9. That a reduction in the demand charge be made 
based on 80 per cent power factor. Maintenance of 
100 per cent power factor reduces the demand charge by 
20 per cent. 

The following are the rates: 

Demand Charge: 

$1.56)4 Per month per kw., plus $3000.00 per 
month to cover charges on feeder lines. 
Energy Charge: 

$0,007 per kw-hr. until the demand at the high- 
lift station exceeds 2800 kw. 

$0.00675 per kw-hr. until the demand at the high-lift 
station exceeds 4250 kw. 

$0.0065 per kw-hr. until the demand at the high-lift 
station exceeds 5600 kw. 

$0.00625 thereafter. 

The life of the contract is twenty years but it may be 
terminated upon the giving of due notice by the city 
should the company fail to give first-class service. 
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Choice , of Motor Equipment 

At the low-lift stations the. range of head was very 
wide and since better pump efficiencies could be ob¬ 
tained with a change in speed, the two winding motors 
received considerable thought. A more careful ex¬ 
amination of the head fluctuations disclosed the fact 
that the extremes in head variation occurred during 
only 20 per cent of the time. Based on the narrower 
limi ts of head variation, it was derided to use synchro¬ 
nous rather than two-winding induction motors. The 
former had the advantage of better efficiencies during 
80 per cent of the time, better power factor at all times, 
l ess operating complications, and slightly less cost; while 
the latter afforded better pump efficiencies for 20 per 
cent of the time. Besides, synchronous motors would 
raise the power factor made low by the many small 
induction motors in the purification works. The power 
factor clause in the power contract was a determining 
factor in the decision. 

Accordingly, unity-power-factor, synchronous motors 
were selected for the low head stations and 0.8 power 
factor (leading) motors for the high head station. 

Outdoor Substation Equipment 

Power for the low-head stations is bought from the 
Kansas City Power & Light Company at 13,200 volts 
and is transformed to 2300 volts in an outdoor substa¬ 
tion which is the property of the city. Two feeders, 
one overhead and the other underground, serve the 
station by two separate routes. The substation 
equipment comprises two 2500-kv-a. banks of trans¬ 
formers connected delta-delta. Each transformer is 
rated 833 kv-a., 13,200/2300 volts, single-phase, 60- 
cyde. These capacities were chosen on the basis that 
when overloaded 25 per cent one bank would carry 90 
per cent of the ultimate load. Transformers are 
equipped with oil conservators and thermometers. 

The two incoming feeders form a loop and are pro¬ 
tected by directional relays. The overhead line is 
provided with a hairpin loop and oxide film arrester. 
Each bank of transformers is controlled by an oil circuit 
breaker on the high-tension as well as on the low-tension 
side and is differentially protected. A tie-line breaker 
on the high-tension side provides flexibility while the low- 
tension side is connected to a bus which is sectionalized 
by disconnecting switches. From this bus four feeders, 
two to each station, supply the low and secondary 
station. Each station is fed from both sections of the 
bus. 

The oil circuit breaker equipment comprises three 
400-ampere, 25,000-volt and two 1200-ampere, 15,000- 
volt breakers, the latter of which are enclosed in switch 
houses. All breakers are hand operated with d-c. 
automatic trips. The direct current is furnished by a 
portable battery located in a meter house and connected 
to a battery charger. 

At this station the power is metered on the high- 


tension side. Duplicate sets of metering transformers, 
one for the company and the other for the city, 
are installed on the structure. Duplicate sets of meters 
are located on the switchboard in the secondary pump¬ 
ing station. The metering equipment consists of 
recording demand and power-factor meters and inte¬ 
grating watthour meters. 

Low-Lift Station 

Water is pumped from the Missouri River to the 
purification works, about 2000 ft. away. The pumping 
station in which this initial pumping is done is known as 
the Low Lift Station. Each of the four main pumps in 
this station is driven by a 400-hp., unity power factor, 
synchronous motor operating at 2300 volts, three-phase, 
60-cyde, 360-rev. per min. The excitation for these 
motors is supplied by two 30-kw. motor-generator sets. 
Each set is capable of furnishing excitation for five 
400-hp. motors. These sets may be used for lighting in 
case of failure of the lighting transformer. 

The control for this equipment comprises a fourteen- 
panel switchboard on a gallery floor 28 ft. above the 
pump room floor. A mechanical remote-control system 
through bell cranks and pull rods operates the oil circuit 
breakers which are supported on a pipe framework and 
are located on another gallery 12 ft. below the switch¬ 
board floor. 

The main bus is sectionalized by two oil circuit 
breakers. In the section between these breakers there 
is connected a station service feeder which serves power, 
lighting, and heating transformers. Each outside 
section of the bus is fed by an incoming feeder, each 
feeder having the capacity of the entire station. One 
section serves two motors, while the other serves the 
remaining two motors and the future unit. 

Motor starting is accomplished by means of compen¬ 
sators and a starting bus. This bus is sectionalized by 
disconnecting switches, each section being served by a 
compensator. Each compensator is of sufficient capacity 
to permit of four starting operations within 10 min. 
without excessive heating of the compensator. In this 
station there are eleven 600-ampere and four 400- 
ampere, 7500-volt oil circuit breakers. 

Auxiliary power for operating vacuum pumps, sump 
pumps, motor-generator sets, crane and gate valves in 
this building as weli as the revolving screens in the 
intake building is obtained from three 25-kv-a., 
2300/230-volt transformers connected delta-delta. The 
lighting transformer is rated at 15 kv-a., 2300/230/115 
volts. 

Both the intake building and the low-lift station are 
heated electrically and are served by a 150-kv-a., three- 
phase, 2300/230-volt transformer. Industrial oven 
type, 220-volt ribbon element heaters suitably mounted 
and backed with reflecting and insulating material and 
provided with grill work in the front are placed along 
the gallery in a manner similar to steam radiator prac¬ 
tise. In most locations two elements are used to form 
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one radiator but they are individually controlled by 
local switches so that flexibility in controlling the heat 
may be ob tain ed. All the transformers in this station 
are controlled by one oil circuit breaker but are pro¬ 
tected by individual S & C fused disconnecting 
switches. 

Secondary-Lift Pumping Station 

After the water has been purified it is pumped to 
reservoirs at the high-head stations. This being the 
second stage of pumping gives to the station the name 
of secondary lift pumping station. The pumping 
capacity of this station is the same as that of the low- 
lift station and since the heads are about equal, the 
electrical equipment is a duplication of that at the low- 
lift station. In addition to the main pumping units 
and the vacuum pump motors there are three 75- 
hp., 2300-volt, 1800-rev. per min. motors driving 
wash water pumps, two 60-hp., 2300-volt, 1800-rev. 
per min., and two 25-hp., 220-volt, 1800-rev. per min. 
motors driving house service pumps. The 75-hp. 
motors are controlled by automatic "across-the-line” 
contactors and push buttons. Each motor may be con¬ 
trolled from any one of three points. The 60-hp. 
motors are started across the line by closing the oil 
circuit breaker. The 25-hp. motors are controlled by 
starting compensators. 

In addition to these pump motors all the power used 
in the chemical house, chlorine house, filter house, 
Dorr clarifiers, and the lighting for all these buildings 
and the grounds are controlled from the switchboard in 
the secondary-lift station. In the chemical house 
there are about 150 hp. in motors ranging in size from 
Mr to 50-hp. Four 7J^-hp. motors operate the Dorr 
clarifier mechanisms. 

The switchboard comprises 21 panels and the system 
is that of mechanical remote-control, with the main oil 
circuit breakers and bus located on the lower floor in a 
switch-room beneath the switchboard. The starting 
bus, its compensators, and oil circuit breakers are located 
at the back of the switchboard. The busses are see- 
tionalized in a manner similar to those at the low-lift 
station, but between the sectionalizing breakers there 
are two feeders, one for power and one for light. This 
building is not electrically heated. In the chemist’s 
laboratory, however, there are ovens, sterilizers, refrig¬ 
erators, distillers, etc. Another small difference be¬ 
tween this station and the low-lift station is that the 
field rheostats for the main motors are electrically con¬ 
trolled in this station. The 36-in. discharge valves in 
both stations are electrically operated. 

There, are seventeen 600-ampere and four 400-am¬ 
pere, 7500-volt oil circuit breakers in this station. 

The auxiliary power transformers comprise three 
75-kv-a., 2300/230-volt units connected delta-delta. 
Multiple lighting is served by a 75-kv-a., 2300/230/115- 
volt transformer, and series lighting by an 8-kv-a. con¬ 
stant-current transformer. 


Lighting and Wiring 

Lighting in almost all the buildings is laid out to give 
at the working plane an intensity of six foot-candles 
exclusive of a liberal allowance for dust and aging of the 
lighting units. In the filter galleries, this intensity is 
maintained but over the filters and in the pipe galleries 
a lower intensity is used. A generous number of wall 
receptacles is installed. Glass and fancy fixtures are 
omitted, porcelain enameled steel reflectors being used 
instead. The installation is substantial and put up to 
stay for many years. Galvanized iron conduit and 
condulets are used throughout. Wire is 30 per cent 
para, double braided, except in damp places where triple 
braided weatherproof wire is used. Waterproof fixtures 
are used in such places. 

Around the uncovered basins flood lighting projectors, 
standing two feet above the ground, are used. Thisi s 
done to reduce the number of bugs which swarm around 
lights, die, and fall in the water. At each flood light 
location there are three waterproof condulets, one for 
connecting the projector, another housing a switch for 
controlling the projector, and the third, a receptacle. 
The receptacle permits the concentration of more than 
one projector at a location during periods of cleaning of 
the basin. The projectors are fed by armored cable 
laid from 12 to 18 in. in the ground. At various man¬ 
holes, lights, switches and receptacles are located and 
connected to the same cable system. About other 
parts of the purification works, there are distributed 
lighting standards for general illumination. Along the 
roads leading to the pumping station there are similar 
standards. They arte all connected to a series system 
which is served by a constant current transformer in the 
secondary-lift station and operated at 6.6 amperes. 

Power Cables 

All power cables are insulated with varnished cam¬ 
bric and are lead covered where they are installed in 
pump-room floors or other places that are likely to be 
damp or flooded with water. Standard 5000-volt 
insulation is used on 2300-volt circuits and 17,000-volt 
insulation on 13,200-volt circuits. On 2300-volt cir¬ 
cuits 7500-volt potheads are used. The control wiring 
for the East Bottoms Station is lead covered. 

Underground Cable System 

Between the outdoor substation and the low- and 
secondary-lift pumping stations as well as between the 
secondary station and the chlorine and chemical 
houses the feeders are three conductor, varnished 
cambric insulated, lead covered cables installed in fiber 
ducts surrounded by a concrete envelope. Cables vary 
in size from No. 6 A. W. G. to 800,000 circular mils. 
Conduits vary from four to ten duets. Concrete man¬ 
holes, properly drained, are installed at frequent 
intervals. 

East Bottoms Stations 

The new electrically operated high-head station is 
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known as the East Bottoms Station and is located about 
five miles from the purification works. The present 
main motor equipment consists of two 2000-hp., 0.80 
power-factor (leading) 13,200-volt, three-phase, 720-rev., 
per min. motors equipped with direct-connected exci¬ 
ters. They are provided with temperature detectors 
and enclosing bell ends. The station is planned for six 
such motors. 

The switchboard comprises 14 panels at present but 
will ultimately be expanded to 21. The system is that 
of electrical remote control, some operations being per¬ 
formed by manually operating the control switches 
while others are automatically controlled by relays and 
interlocks. The front of the switchboard faces the 
pump room, while access to the back is had from the 
switch house. All busses and switching equipment, oil 
circuit breakers, instrument transformers, compensa¬ 
tors, etc., are enclosed in a monolithic concrete cell 
structure. 

The station is fed by two 13,200-volt lines direct 
from the public utility’s power-house bus. Ultimately 
there will be four such feeders. The main bus in the 
station is in duplicate but may be made a continuous 
bus by use of a tie breaker at one end of the bus struc¬ 
ture. Indicator lights are located ova: the discon¬ 
necting switch compartments of the cell structure to 
show the position of the controlling oil circuit breaker. 

The oil circuit breaker equipment comprises one 600- 
ampere, and seven 400-ampere, 15,000-volt units each 
rated at 14,000 r. m. s. amperes at 15,000 volts, and four 
400-ampere, 15,000-volt units each rated at 1500 
r. m. s. amperes at 1500 volts. All but two breakers 
are of the phase per cell type. The breakers are all 
solenoid operated and the control current is supplied by 
a storage battery. A small motor-generator set fur¬ 
nishes the trickle charge for the battery. 

Motor starting is accomplished by compensator and 
starting bus as in the other stations but in addition 
neutral breakers provide a smoother transition from 
starting to running voltage. Motors have 85 per cent 
pull-in torque and full voltage is applied before the 
field circuit is closed. 

At this point, the sequence of operations in starting a 
motor might be interesting. First, the neutral breaker 
is closed by closing its control switch, which operation 
automatically closes the compensator breaker. Next, 
the starting breaker control switch is closed. An 
accelerating relay controls the next steps. As it closes, 
it trips the neutral breaker which in turn closes the 
running breaker. The field breaker control switch is 
then closed and the compensator breaker control switch, 
which is the same as the neutral breaker control switch, 
is opened, which automatically trips the starting breaker. 
If the field breaker be not closed within ten seconds 


after closure of the running breaker, the field failure 
relay trips the running breaker. This time limit has 
been set on account of hydraulic conditions. 

With the closure of the running breaker, a solenoid 
valve on the automatic check valve is closed. This 
will be described more fully later. Due to the fact 
that this solenoid valve closes only after the running 
breaker is closed, the motor “pulls in” against a closed 
discharge because the check valve cannot open while the 
solenoid valve is open. This reduces the required pull- 
in torque of the motor. 

In this station there is a 30-kw. motor generator set 
which is capable of performing four important functions. 
It can supply excitation for any one or two of the main 
motors. It provides a source of direct current for 
lighting; it can give a full charge to the battery; it pro¬ 
vides current for the control circuit while the battery is 
out of service or being charged. 

Auxiliaries are fed from a bank of three 25-kv-a., 
13,200/230-volt transformers. Lighting is supplied by 
a 25-kv-a., 13,200/230/115-volt transformer. Emer¬ 
gency lights are fed from the battery and go on auto¬ 
matically whenever the lighting transformer is out of 
service. 

The description of this station would be incomplete 
without a word about the automatic stop and check 
valve. It opens and closes automatically with unbal¬ 
ance of hydraulic conditions in the valve. The neces¬ 
sary unbalance of hydraulic conditions may be con¬ 
trolled by a solenoid-operated valve in the blow-off line 
of the main valve. The solenoid circuit is interlocked 
with the running breaker and a control switch on the 
switchboard is inserted in the circuit. With the closing 
of the running breaker the solenoid valve closes 
and permits the main valve to open as soon as the pres¬ 
sure on the pump side of the valve becomes greater than 
that on the line ride. As soon as the running breaker 
trips out, the solenoid valve opens and the main valve 
closes. The control switch on the board permits the 
operator to open the solenoid valve circuit, thereby 
opening the solenoid valve, which in turn closes themain 
valve even with the pump operating at normal speed. 
The operation of the main valve may be noted by the 
pressure-gage reading. This permits of the checking of 
one of the most important automatic features of the 
station without disturbing normal operation. 

The use of 13,200-volt motors and electric radiators 
for building heating are radical steps in waterworks 
practise. It must be realized thatthe city is entirely de¬ 
pendent upon electrical power for its water. Moreover, 
this electric power is being purchased from the local 
public utility. It is a great tribute to the reliability of 
electric public utility service and to the electrical 
industry as a whole. 
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Synopsis . There have been presented before the Institute 
numerous papers describing various technical and apparatus 
developments of value in providing long distance telephone service. 
Several papers have also appeared covering specific transmission or 
operating problems or dealing with the advance planning of the 
telephone plant. Feeling that it might be of interest, particularly 
to the young engineering graduates, the writers have prepared this 
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over-all sketch of the general problem of actually providing year by 
year the extensions and additions to a comprehensive network of 
communication channels necessary to keep pace with a growing 
public demand for long distance service. Since the writers are 
most familiar with the area served by the Southwestern Bell Tele¬ 
phone Company the discussion will be restricted to that territory. 
***■»* 


T HE Southwestern Bell Telephone Company 
operates in the states of Missouri, Arkansas, 
Kansas, Oklahoma, Texas, and a small section of 
Illinois which is socially and economically associated 
with greater St. Louis. This is primarily an agri¬ 
cultural region but there are several large manufactur¬ 
ing centers and extensive areas devoted to oil and 
mineral production. The great difference in climatic 
and soil conditions which exist over such a wide terri¬ 
tory naturally brings about a diversity of agricultural 
interests. Local, seasonal, peak demands for long 
distance service occur at the times when crops must be 
marketed and moved. 

Oil, on account of its fortuitous occurrence and the 
sudden and imperative demand for long distance 
service attending its discovery, creates the most 
difficult problems. Through some perverse trick of 
fate the deposits have been found uniformly in areas 
otherwise of no great economic importance and having 
either no or very little telephone development. 

Contributing more than any other item to the 
problem of keeping abreast with the demand for long 
distance service is the fact that the Southwest is still 
immature in the social and economic sense and is 
growing lustily and at a rate which rarely fails to 
exceed the most optimistic forecasts. 

Beside these purely local peculiarities which con¬ 
tribute to the problem there is the generally increasing 
demand for long distance service on the part of the 
public. Based fundamentally on the increase of wealth 
and prosperity, traffic growth has been accelerated by 
better service and reduced rates. New and improved 
apparatus and methods become available from time to 
time—and not the least of the tasks of the field engineer 
is the more or less continuous modernization of an 
existing plant. 

With this picture of the factors affecting the demand 
for service, it will be interesting to note the extent and 
complexity of the long distance network required. 
The map of Fig. 1 shows the principal towns and cities 
of the Southwestern area, and the single lines con- 

1. Southwestern Bell Telephone Co., St. Louis, Missouri. 

2. Southwestern Bell Telephone Co., Dallas, Texas. 

Presented at the Regional Meeting of the South West District 
No. 7 of the A. I. E. E., Dallas , Texas , May 7-9, 1929. 


necting them represent circuit routes. There may be a 
large number of communication channels on each route, 
of course. Not all of the cities and towns, and not all 
of the circuit routes shown are Bell owned and operated. 
Long distance service must be universal, and considered 
independently of who owns and operates the plant. 

In addition to the network shown on Fig. 1 there is 
the long distance telephone plant of the Long Lin es 
Department of the American Telephone and Telegraph 
Company. This department is organized to supply the 



Fig. 1—Long Distance Lines 


extreme long distance facilities necessary between' the 
several associate company areas in order that uni¬ 
versal service may be realized. This paper does not 
include consideration of the Long Lines Department’s 
plant or its problem. 

Confronted with an extensive existing plant which 
is meeting the present day requirements, it is the task 
of the field engineer to plan for continuous extensions, 
reinforcements, and betterments. The various tech¬ 
nical developments that have been made in the art of 
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communication, the engineering practises that have 
emerged, and the advance planning that has been done 
must be practically applied and coordinated with a 
working system. 

The fundamental requirements of any link of a system 
of long distance facilities is that it must talk satis¬ 
factorily. It must be capable of transmitting speech 
easily and without undue effort on the part of the users. 
To accomplish this there must be: 

1. A sufficient volume so that speech may be 
received with adequate loudness. 

2. Freedom from distortion so that speech will be 
satisfactorily intelligible. 

3. Freedom from extraneous interference. 

Each circuit together with all of its associated equip¬ 
ment must be designed to comply with these basic 
requirements. Not only must it furnish adequate 
transmission as an individual unit but it must also 
perform satisfactorily as a link of the whole system. 
In the planning of long distance facilities it is necessary 
always to envisage each unit of the plant as a part of a 
nation wide system and to insure its proper performance 
for any function it may be called upon to play. 

In addition to regular long distance telephone com¬ 
munication it is necessary that certain special services 
be furnished. The radio public demands the chain 
broadcasting of programs and the frequent picking-up 
of programs at points remote from the radio transmit¬ 
ting stations. This requires the setting up of very 
reliable and extremely high quality telephone channels. 
Extraordinary freedom from distortion and noise is 
necessary since even with the perfection of modem 
amplifying and loudspeaking devices the quality of a 
radio program must exceed that of a simple transmittal 
of intelligible speech in order that it may prove en¬ 
joyable. Also, the radio listener is not in position to 
interrupt and request the repetition of a misunderstood 
word or phrase. Fortunately telephone circuits used 
as an adjunct to radio broadcasting may be operated as 
one-way circuits and the limiting effects of echoes are 
thus avoided. The simultaneous operation of tele¬ 
graph over wire facilities primarily placed for telephone 
service has long been practised. Telegraph facilities, 
then, are a by-product of the telephone business, and 
economy dictates that these be made use of as fully as 
practicable. The demand for telegraph service is 
always sufficiently great to call for weighty consideration 
in planning for telephone facilities. Picture transmis¬ 
sion is still before the public for trial. Should a wide¬ 
spread demand develop it will be necessary to set up a 
network of communication channels surpassing all 
previous standards as regards constancy, for a very 
minute deviation during transmission will spoil a 
picture. 

Types op Facilities Used 

There are three types of facilities available for 
providing long distance circuits. These are open wire, 


carrier current systems (superposed on open wire), and 
cables. The first two are closely interrelated and are 
of service in the early and intermediate stages of de¬ 
velopment, while the last is the final goal of progress 
at the present stage of the art. 

Open wire was the first and is still the main reliance 
for providing circuits in this country. In a large 
area of low population density such as that of the 
Southwest, open wire must constitute the bulk of the 
plant for a number of years to come. Three sizes of 
copper wire now find general application. These are 
designated 104, 128, and 165, the figures indicating 
the respective diameters in thousandths of an inch. 
Improved transmission through the use of copper wire 
larger than 165 is unduly expensive, while sizes smaller 
than 104 do not possess the requisite mechanical 
strength for resisting the stresses of storms. Copper 
open wire circuits possess electrical characteristics so 
ideal as to endear them to the hearts of transmission 
engineers. With the aid of suitably spaced telephone 
repeaters they may be extended to practically any 
distance. Iron wire has lost its place in a plant de¬ 
signed for universal service. Having when new a 
transmission efficiency only one-fourth that of the same 
size of copper, iron wire becomes progressively worse 
from the day of its installation due to corrosion. This 
instability renders it wholly unsuited to the application 
of telephone repeater improvement and thus so seriously 
restricts its flexibility that it has been determined to 
eliminate iron wire completely from the long distance 
plant. The application of the principle of loading to 
open wire facilities has been rendered totally obsolete 
on account of the better performance and greater 
flexbility of non-loaded open wire with repeaters. 

Along with its many and manifest advantages open 
wire construction possesses a number of serious draw¬ 
backs. Poles, crossanns, pins, and wire cannot with¬ 
stand the assaults of exceptional wind and sleet storms, 
and occasional service interruptions from this source 
must be expected. By their very nature open wire 
circuits are of maximum susceptibility to both mechani¬ 
cal and inductive interference. It is thus generally 
impossible to continue in open wire up to the central 
office in a city. In such instances it is the practise 
to terminate the open wire out beyond the city con¬ 
gestion and to bring the circuits into the office over 
specially designed entrance cables. These entrance 
cables must often be of considerable length and add 
materially to the transmission losses. Through the 
application of the proper systems of loading the cable 
circuits may be made to match the impedances of the 
open wire circuits, and thus preserve the full possibilities 
of telephone repeater operation. With the increasing 
lengths of telephone circuits which modem service 
requirements demand, the problem of limiting the cross¬ 
talk among open wire circuits has called for greater 
and greater care in the planning of transposition 
schemes for them. 
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For several years now carrier current systems have 
been available by means of which additional telephone 
channels may be derived from existing and suitable 
open wire facilities. For distances beyond certain 
minimum figures these carrier systems yield telephone 
channels more economically than possible through the 
placing of additional open wire. The outstanding 
usefulness of carrier systems, however, lies in the in¬ 
creased capacity they confer upon an existing open wire 
structure. It is thus possible to defer heavy expendi¬ 
tures for major relief. The flexibility of carrier systems 
is apparent. They may be installed speedily to meet 
an emergency condition, and may be readily recovered 
and removed to another territory when the emergency 
has disappeared. 

There are two types of carrier telephone systems 
in general use. One provides three additional tele¬ 
phone circuits above the one furnished by the pair of 
wires over which it must operate. Under favorable 
conditions it is economical as compared with stringing 
of wire for distances as short as 150 miles, and by the 
use of carrier repeaters spaced at regular intervals 
it may be extended to any distance. The other pro¬ 
vides one additional talking circuit and finds its ap¬ 
plication with distances between 50 and 200 miles. 
The three-channel system employs frequencies from 4 
to 28, and the single channel system frequencies from 4 
to 10 kilocycles. Both of these systems utilize grouped 
frequency arrangements whereby different frequencies 
are used to transmit in the two directions. 

At the higher frequencies of the carrier systems the 
attenuation offered by the open wire circuits is greatly 
increased over that experienced at Voice frequencies. 
When it is remembered that cross-talk effects increase 
almost directly with frequency and are a function of the 
energy level differences between the disturbing and 
the disturbed circuits it will be realized that the ap¬ 
plication of carrier systems to an open wire lead may 
present serious difficulties. Transposition arrange¬ 
ments quite satisfactory for voice frequencies are 
totally inadequate for the carrier range. Special 
systems of transpositions must therefore be employed 
which, in addition to making use of extremely elaborate 
patterns, must be spaced with great precision. The 
retransposal of existing open wire leads is a large item 
of expense which must be carefully weighed when the 
use of carrier systems is being considered. 

The necessary entrance cables which complicate voice 
frequency transmission problems constitute a propor¬ 
tionately more serious problem at carrier frequencies. 
To reduce attenuation and to limit reflection effects the 
cable conductors must be suitably loaded for carrier 
operation. For the frequency range employed by the 
three channel system loading coils must be placed at 
980 foot spacing. In the case of underground con¬ 
struction it is rarely possible to realize this ideal spacing 
on account of manhole locations. It then becomes 
necessary to place the loading coils at something less 


than the theoretical spacing and to build out the short 
sections to the required capacity by means of special 
stub cable connected in shunt-with the loaded con¬ 
ductors. In order to avoid carrier cross-talk in entrance 
cable it is necessary to maintain a degree of segregation 
among the conductors assigned to carrier operation. 
Where long entrance cables are involved it may well 
occur that the largest single item of expense in con¬ 
nection with a carrier installation will be the preparation 
of these for carrier operation. 

Despite elaborate preparations in the form of special 
transposition of the open wire and loading and segre¬ 
gation of entrance cable conductors, it is still not 
possible to operate carrier systems indiscriminately on 
any open wire lead. Serious energy level differences 
and opposite directions of transmission -with the fre¬ 
quency groups must be avoided. All the systems on a 
lead cannot always be coterminous, for a lead may be 
hundreds of miles in length, while carrier systems over 
it will serve various intermediate and overlapping 
lengths. At any intermediate point it may be de¬ 
sirable to introduce a system terminal with its high 
output level to operate in parallel with other systems 
whose energy has been greatly attenuated in trans¬ 
mission from distant terminals. Such differences in 
level have to be minimized either by separation on the 
pole head or by the introduction of repeaters to raise 
the lower energy levels. Junctions with other open 
wire lines and the generally complex nature of the open 
wire network give rise to situations such that it is 
practically impossible to realize completely the theo¬ 
retical carrier possibilities. 

With these various restrictions controlling the 
situation, the average carrier possibilities that can be 
realized provide for a total of 24 carrier channels on 
any long four-arm lead. Further exploitation of the 
remaining carrier potentialities on open wire leads is 
blocked by the use of phantom circuits which definitely 
limit the transposition refinements needed to restrict 
the cross-talk. For important open wire leads con¬ 
sideration is therefore being given to abandoning 
phantom circuits on all wires of the first four arms, 
except the pole pairs. A further simplification of the 
cross-talk problem can be made by reducing the spacing 
between the wires constituting a pair from 12 to 8 
inches and correspondingly increasing the spacing 
between pairs from 12 to 20 inches. By these arrange¬ 
ments the carriers’ possibilities can be increased from 
24 to 48 channels, but as 8 phantom circuits are sacri¬ 
ficed the net gain is only 16 talking circuits. It is 
expected that this refinement will be applicable only to 
pole lines carrying principally very long haul circuits. 
Where there are numerous short circuits on a lead, the 
necessity of terminating wires at frequent intervals 
destroys the flexibility of the arrangement. 

The nature of the long distance telephone develop¬ 
ment and the growing requirements of the Southwest 
have furnished a particularly favorable field for the 
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application of carrier telephone. The distance between 
many of the more important cities is from two to 
three hundred miles, and the three-channel system has 
been made large use of in spanning these. The single¬ 
channel system has found equally widespread applica¬ 
tion. While carrier telephone has been used in the 
Bell System for about a decade, the installations pre¬ 
vious to 1925 were of a transitional nature in the 
evolution of a commercially practical system. It 



is of local interest to note that with the rendering 
available of the standardized three-channel system 
the first commercial installation in this country was 
placed in service between Dallas and Houston in the 
summer of 1925. It is also of interest to remark that 
the first commercial installation following the field 
trial of the single-channel system which is now stand¬ 
ard was placed in service between Amarillo and 
Borger in the early days of 1927. Borger was a new 
oil town that had sprung up from nothing overnight. 
From this auspicious beginning the use of carrier 
telephone has grown until the present day finds some 
35,000 miles of telephone channel obtained by this 
means in the Southwest. The map of Fig. 2 shows 
the extent of this development, which represents 
about one-sixth of that of the entire United States. 

From the discussion so far it is clear that with any 
open wire lead the condition will be reached ultimately 
when the maximum wire load is in place and the fullest 
possible use of carrier has been made. It then becomes 
necessary either to build additional open wire lines or 
else have recourse to some other means. Where the 


circuit growth is sufficiently rapid economic studies 
rule in favor of cables in place of building one or more 
supplementary open wire lines. In addition to proving 
in from a strict economy standpoint, cables offer many 
advantages as a medium for long distance circuits. 
Increased freedom from interruptions due to physical 
failure of the plant, lower susceptibility to external 
interference, and more stable operating conditions 
are some of the benefits accruing. In the territory of 
the Southwest the condition is rapidly approaching 
when cables will be needed between nearly all of the 
important centers. To meet this situation a cable 
program has been adopted for the period 1929-1933 
which will connect most of these points. This is 
shown on the map of Fig. 3. Of the cables in the 
program the sections between Oklahoma City and 
Tulsa, Oklahoma City and Holdenville, and Dallas 



and Cisco are under way and will be completed during 
1929. As it now stands, the program provides for a 
total of approximately 2600 miles of cable for the five 
years. 

The Tulsa-OHahoma City and the Fort Worth- 
Cisco sections of the cables mentioned above will 
represent a unique departure from the previously 
standard practises of this country. The usual lead 
covered cable is to be manufactured and then given a 
protective coating including several layers of jute and 
tar and two servings of steel tape armor. A trench is 
to be dug and the cable simply placed therein and 
covered up. When it is realized that a standard 750- 
foot length of this armored cable together with its reel 
will weigh about five tons and that the route is to be 
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strictly cross-country, it will be appreciated that some 
interesting construction difficulties must be met and 
solved. It is planned to present the story of these 
installations to the Institute at a later date. 

Whether the channels for long distance circuits are 
derived by means of open wire, carrier systems, or 
cables, elaborate installations of equipment are re¬ 
quired at the circuit terminals and at the intermediate 
repeater stations. The placing of this equipment and 
the providing of the necessary building space for hous¬ 
ing it constitute major problems. Building additions 
must be made or even complete new buildings erected, 
new equipment must be installed and placed in service, 
and existing working equipment must be relocated 
to best advantage,—all without interrupting the 
service. Also, irrespective of the means used to derive 
the communication channels, arrangements must be 
made at the terminal offices whereby any two circuits 
may be connected together and a built-up connection 



Fig. 4—Growth of Long Distance Circuits 


thereby established between two terminals not having 
direct circuit connection. The problem comes in 
arranging for such interconnections with the result 
that built-up connections shall satisfy the same funda¬ 
mental transmission requirements as are demanded of 
the individual links. To meet the volume require¬ 
ment it is essential that a definite gain be inserted 
whenever two circuits are connected together. The 
practise of the past has been to provide with repeaters 
certain of the cord circuits appearing at the switchboard 
positions which handled switched traffic. The funda¬ 
mental weakness of this method lay in the fact that the 
insertion of the proper gain was left in the hands of a 
very human operator, and there was always the possi¬ 
bility of its being omitted. The latest practise elimi¬ 
nates this element of human fallibility. The switchboard 
positions are equipped with but one type of cord circuits. 
When a connection is established between two long 
distance circuits the proper gain is automatically 
provided; when a connection is established between a 
long distance circuit and a local telephone no gain is 


inserted since none is necessary. The distortion and 
interference requirements are met for built-up con¬ 
nections simply by causing the individual links to meet 
sufficiently high standards in these respects so that a 
chain of four or five in tandem will still yield a satis¬ 
factory grade of over-all transmission. 

An interesting review of the growth of the various 
types of facilities used to derive long distance telephone 
circuits in the Southwest is shown on the diagram of 
Fig. 4. The rise and fall of iron wire, the abrupt rise 
to prominence of carrier systems and cables, and the 
rapidly mounting total are significant of the present 
trends. 

Determining the Procedure 

Periodically the field engineer must review his entire 
long distance telephone plant. On the basis of the 
years in service and the stage of deterioration, plans 
must be formulated for the systematic replacement of 
poles, crossarms, insulators, and wire. In connection 
with such plans the estimated growths for several 
succeeding years and the probable future destinies of 
the pole lines must be taken into consideration, since 
these will determine the extent and character of the 
replacement work. Entrance cable conditions, build¬ 
ing situations, and central office equipment require¬ 
ments must be reviewed in the same light. Where it 
is indicated that even with the relief which carrier 
systems can afford the ultimate capacity of a pole line 
will be reached within the next few years, comparative 
cost studies must be made to determine the economic 
advisability of going to cable as against placing ad¬ 
ditional open wire lines. Such technical developments 
and improvements in the art as have become available 
recently must be injected as far as practicable into all 
plans. 

From such considerations the field engineer each 
year evolves a list of projects for the next succeeding 
five years. This list is submitted to the company 
executives in order that the necessary financing may 
be arranged for. The material requirements of this 
list are submitted to the manufacturers in order that 
they may be prepared to fill the orders. Such projects 
as are given approval constitute the definite program 
of active work for the immediate future. For each 
approved project detailed plans and an estimate must 
then be prepared and submitted to the executives for 
final approval. Upon securing this, the project be¬ 
comes a construction or installation job, and the 
engineer’s final task is to see that it is executed in 
accordance with his plans. 

In addition to this somewhat orderly program of 
activity, the years are always spotted with unforeseen 
situations of an emergency character. A new oil field 
is discovered at Seminole, a Democratic Convention 
is announced for Houston, an extraordinarily large 
cotton crop is realized in Texas, or floods in Arkansas 
carry away miles of pole miles,—all these call for 
prompt action with an insistence which cannot be denied. 
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Conclusion 

The writers have prepared this non-technical dis¬ 
cussion with the hope that it might prove of some 
interest to engineers as an indication of the range 
of problems encountered in this particular field of 
endeavor. Its purpose will have been accomplished 
if it has shown something of the zest and interest, 
something of the wide range of technical acquaintance, 
and something of the harassment arising from con¬ 
tinuously changing conditions which attach to the 
task of meeting the demand for long distance telephone 
service in a large area. For it is true that the battle of 
progress is waged no less actively, and broad technical 
understanding, initiative, and good judgment are no 
less necessary in the field outposts than in the more 
sheltered seclusion of the research laboratories. 


Discussion 

G. H. Quermann: This paper gives a very complete picture 
oi* the problems presented in the design of long distance telephone 
plant, and although it does not specifically touch on the long 
lilies department’s problems, they are in general very similar 
to those discussed in the paper. 

The facilities of the long lines department must of course be so 
designed to operate satisfactorily with shorter haul toll circuits 
and local exchange facilities and since they constitute a trunk¬ 
line system, which extends practically throughout the United 
States, they must of necessity be of the highest grade in order to 
provide satisfactory service on all connections. 

With long lines facilities extendi ng over the greater portion 
of the United States with connections into Canada, Mexico, 
and Cuba, the furnishing of messsage telephone service together 
with telegraph service over these facilities for press, government, 
and commercial private-wire use presents a service problem of no 
small proportion. 

The furnishing of suitable facilities for program transmission 
for national broadcasting is also one in which the long lines 
department is vitally concerned. 

Picture transmission is now offered between eight cities in the 
United States, namely, Boston, New York, Cleveland, Atlanta, 
Chicago, St. Loxiis, San Francisco, and Los Angeles. These 
stations are equipped with apparatus for the transmitting and 
receiving of pictures. St. Louis is the only point in the 
territory of the Southwestern Bell Telephone Company. The 
circuit used for this service to the Pacific Coast is at times routed 
through this territory by way of Little Rock and Dallas. 

Open-wire plant at present constitutes the major portion of 
long lines circuits in this territory. This is not true in the East 
where the requirements of long distance telephone service has 
exceeded the capacity that can be economically provided by 
open-wire plant. There, cable circuits form the major portion 
of long-distance communicating circuits. However, as has been 
outlined the situation in this territory is such that the provision 
of toll cables between the more important centers now appears 
to be the next practicable means of providing adequate long¬ 
distance facilities. 

In the territory west of the Mississippi, extensive use is being 
made of 3-channel carrier telephone systems. At the present 
time one of the longest carrier systems in service operates through 
this territory with terminals at St. Louis, Mo. and San 
Bernardino, Cal. It is 2100 mi. in length and has intermediate 
repeaters at nine points, including Little Rock, Dallas, and 
El Paso. 

The problem of coordinating the carrier systems operating over 
an open-wire line is a very important one. As the long-lines 


carrier systems are frequently operated on lines used jointly with 
the associated companies, this becomes a mutual problem. 

The paper pointed out that in some cases consideration is now 
being given to abandoning phantom circuits on some of the wires 
on a lead and reducing the spacing between wires constituting a 
pair from 12 to 8 in., correspondingly increasing the spacing 
between pairs from 12 to 20 in., in order to increase the carrier 
possibilities and obtain a net increase in circuits. The long lines 
department is now doing on a trial basis, some work of this 
type in certain sections of its plant extending from Wichita, Kans. 
to Denver, Colo., Joplin, Mo. to Tulso, Olda., and Oklahoma 
City, Okla. to Texola, Olda. 

C. W. Mier: The paper mentions the difficulties sometimes 
encountered in meeting the long-distance problems in connection 
with the discovery of oil. Having been very closely associated 
with this problem in Oklahoma during the past few years, I 
should like to tell briefly of the growth in traffic in the vicinity 
of the famous Seminole Oil Field. 

Oil was first discovered in this field about July 1926, and 
reached a peak production in July 1927. Previous to July 1926, 
the long-distance telephone traffic out of Seminole amounted to 
about 800 calls per month and was handled over two circuits by 
one operator. By January 1927, this traffic had grown to 3688 
calls per month, an increase of 360 per cent, and the operating 
force had increased to 30. This traffic increased by leaps and 
bounds until in March 1929, when the total out calls for Seminole 
were 34,574 per month and the operating force had increased to 
60. This is an increase of about 4000 per cent in two years and 
nine months, as compared to an average annual increase under 
normal conditions of about 10 per cent. 

There are at the present time 43 long-distance circuits radiating 
cut of Seminole and, after the completion of the Oklahoma 
City-Shawnee-Seminole-Holdenville cable, there will be 57 
circuits. 

The growth in toll traffic at Shawnee, 20 mi. distant from 
Seminole, has been almost as great. In December 1927, there 
were 33,205 calls handled out of Shawnee per month. In 
December 1928, this traffic had increased to 50,247 calls or an 
increase of about 50 per cent as compared to an increase under 
normal conditions of about 6 per cent or 7 per cent. 

As an indication that the experience of Seminole will be re¬ 
peated, oil was recently discovered in the vicinity of the town of 
Maud, located about 17 mi. from Seminole. Until June 1928, 
this office handled about 868 out long-distance calls per month 
with an operating force of 5. In July 1928, immediately after 
the discovery of oil, this traffic had increased to 2467 calls, an 
increase of 180 per cent, and the operating force consisted of 17 
people. In December 1928, the traffic increased to 10,766 calls, 
an increase of 1200 per cent over June 1928, and in March 1929, 
this office with an operating force of 47 people was handling 
12,851 out calls per month, an increase of 1800 per cent in less 
than a year. 

This, it will be appreciated, throws an unusual task and strain 
upon the operating forces. That the traffic is being properly 
handled is indicated by the following figures. The percentage 
of offered toll calls completed for 1928 was 91.2 for the 39 largest 
toll offices and 92.4 for all offices in Oklahoma, the highest results 
yet obtained. 

The faster ha ndling of toll calls has resulted largely from the 
extension of the combined line and recording operating method 
to all offices in this territory and to its application to an in¬ 
creasingly greater percentage of the traffic handled. Combined 
line and recording operating provides that the long-distance 
operator who records the subscriber’s call handle it to completion 
instead of simply recording it and then passing it to another 
operator to complete. For 1928, the average interval from the 
time a call was placed until conversation began or a definite 
report was received was 2.9 minutes. For the last four years the 
average speed of service was as follows: 
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1925 .6.4 minutes 

1926 .5.7 minutes 

1927 .4.2 minutes 

1928 .2.9 minutes 

It is of interest that the percentage of the total toll traffic on 
which the speed of handling required more than ten minutes has 
been decreased from 13.1 per cent in 1925 to 2.2 per cent in 1928. 
\ t Through the traffic engineering work much improvement in the 
handling of this traffic has been realized and still further improve¬ 
ments can be made. Wherever possible, direct circuits are 
installed, thereby reducing the number of offices through which 
calls must be switched. Routes quoted for the operators’ use 
are regularly checked to be certain that they are the best avail¬ 
able, and through analyses of difficulties encountered oh this 
class of traffic the combined efforts of the traffic and engineering 
forces are directed toward the routes or situations that are pro¬ 
ducing the most trouble. 

E. T. Mahoodr The existing long-distance plant represents 
a highly complicated, well balanced structure, gradually de¬ 
veloped to its present form throughout the years of its building. 
No radical changes can be made in any one part without disturb¬ 
ing the whole. The fitting in of new instrumentalities has 
become increasingly difficult as the complexity of the long¬ 
distance network has increased. 

But what does the future hold? Twenty-five years from now, 
will we regard the long distance service of today as we now regard 
that of twenty-five years ago? Of course only the future holds 
the answer to this question, but if past experience means any¬ 
thing, it certainly indicates that the limits have not yet been 


reached. Everything seems to point to a continued development 
of the country, with greater and greater business and social 
intercommunication. Long-distance communication facilities 
must keep pace with any such development. What the long¬ 
distance telephone plant will then consist of, how it will be used, 
the character and quality of the service, and the engineering 
problems involved in providing the necessary facilities challenge 
the imagination. 

L. E. Adler: As I understand the design of the two-way 
telephone repeater, the gain is chiefly limited by two factors— 
one, the absorption of a certain amount of gain in the artificial 
line of network; and the other that after a certain point is reached 
self-oscillation occurs. What progress, if any, has been made 
toward the design of two-way repeaters of the full-gain type or 
the so-called “22-type” in which the limitations are largely 
removed? 

H. R. Fritz: The limitation on the gain of the particular 
repeater mentioned by Mr. Adler, the so-called 22-type, is con¬ 
trolled by the maximum gain that can be obtained without the 
system singing. There is a return path through the repeater 
circuit and the total gain is limited by the best balance that can 
be obtained between the artificial network and the line. 

If this were not a controlling factor, we might add one or more 
stages of amplification to the present repeater. For four-wire 
cable circuits in which a separate pair of wires is used for trans¬ 
mitting the voice in one direction and another for transmitting 
it in the other direction, a one-way amplifier not subject to these 
limitations is used. It has a maximum gain about twice that of 
the 22-type, which for other reasons cannot always be profitably 
used. 
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is given, showing how the qualities of wave composition which dis¬ 
tinguish signals from other electrical waves set the requirements on 
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lined . In order that these networks may be used in conjunction with 
other apparatus in the telephone system they must provide efficient 
transmission, low distortion, good impedance balance, stoppage of 
longitudinal currents, stable characteristics with current variations, 
low external coupling , and low reflection coefficient In addition to 
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these requirements the network must not cross-talk into associated 
circuits and must have desirable impedance characteristics in the 
attenuation range of frequencies as well as throughout the transmis¬ 
sion range. 

An illustration of the use of transmission networks in a typical 
three-channel carrier telephone system is given describing the func¬ 
tions of the line filler sets, the directional filter sets, band filters, and 
equalizers. 

Some of the engineering limitations on the design and construction 
of networks are discussed. 

* * * * * 


T HE past thirty years have witnessed many im¬ 
portant developments in electrical communica¬ 
tion. Looking back, it appears almost as though 
the various dynamic sciences, which had rapidly grown 
in scope under influence of Maxwell, Helmholtz, and 
others, having been for a time pent up, were fairly 
bursting in their eagerness to spill over into the com¬ 
munication field innumerable facts capable of being 
put to great practical use. The writings of Heaviside 
are clear evidence of the transition, pointing to many 
useful relationships while making important advances 
in electrodynamics itself. 

Subsequently, striking applications of the new knowl¬ 
edge, as typified by inventions and discoveries, went 
constantly hand in hand with a codification or system¬ 
atization of the knowledge found useful. Thus, 
paralleling the origination of the loading coil by Pupin, 
the thermionic vacuum tube by De Forest, and the wave 
filter by Campbell, has been the systematizing work of 
Campbell, Kennelly, Blackwell, and others. Out - of 
the latter process has grown what is often called “tele¬ 
phone transmission theory.” One of the most impor¬ 
tant and striking branches of “telephone transmission 
theory” is that which relates to the properties of elec¬ 
trical networks used for transmission purposes, called 
transmission networks. 

There is not space available here to enter into a 
complete discussion of the uses to which transmission 
networks are put*, and for purposes of illustrating such 
uses we may confine ourselves to certain aspects of long 
distance telephony. This choice of illustration will 
serve perhaps better than any other to bring out the 
physical and economic attractions which the networks 
can have for engineers. 

Long distance circuits are of various kinds. There 

1. Both of the Bell Telephone Laboratories, New York, N. Y. 
*A short bibliography is appended. 

Ptesented ctl the Regional Mooting of the South IV est District 
No. 7, of the A. I. E. E., Dallas, Texas, May 7-9,1999. 


are open wire, 2 cable, and radio facilities. These 
impose very different requirements on apparatus used 
in transmission. From an electrical standpoint, they 
may provide telegraph, normal telephone (both side 
circuit and phantom circuit), 3 superimposed carrier 
current (telephone and telegraph), telephotograph, 
and radiotelephone transmission. 

In Fig. 1 there are shown the routes of some of the 
more important repeatered 4 open wire circuits of this 
country. Each route on the accompanying map 
(Fig. 1) represents not one circuit only but generally a 
large number of circuits, depending on traffic condi¬ 
tions. In Fig. 2 is a similar diagram of the routes of 
the long distance carrier telephone and telegraph 
facilities which are superimposed on open wire lines and 
cables. Circuits such as these together with long 
distance cables form the trunk lines, veritably the 
“backbone circuits,” which tie together from a trans¬ 
mission standpoint the lines of the entire Bell System. 
At the present time such long distance circuits are 
about half open wire and half cable, with the percentage 
in cable rapidly growing. Of the open wire circuits 
about one-fifth are carrier circuits. As examples, the 
route through Omaha, Denver, and Salt Lake City is 

2. Open wire facilities are those whose circuits employ wires 
separately strung overhead on pole lines, in contrast to cable 
facilities which use wires from among those provided by a cable. 
The electrical characteristics of the two types of circuits are 
generally quite different. 

3. Normal telephone transmission is that which uses directly 
the ordinary frequencies of speech and music. In carrier current 
transmission, a modulation is employed in order to permit using 
a different range of frequencies for transmission purposes. See 
section 4. 

A phantom circuit is one which straddles two pairs of wires, 
one pair acting as a conductor in either direction. In this case, 
each pair is also used for transmission in which one wire of the 
pair works in one direction and one in the other. Each of the 
pairs is said to comprise a side circuit and to afford side circuit 
transmission. 

4. A repeatered circuit is one which contains repeaters provid¬ 
ing amplification for the purpose of overcoming line losses. 
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on the “Central Transcontinental Route” and that 
through Dallas, El Paso, and Phoenix is on the “South¬ 
ern Transcontinental Route.” The economic impor¬ 
tance of such circuits is evident. 



Fig. 1—Some of the More Important Repeatered Open 
Wire Circuits in this Country 


The length of trunk line circuits, together with the 
high standards of transmission they require, and the 
desirability of employing them intensively by multi- 


larity of operation, and low costs of maintenance and 
operation. 

Taking, at a repeater station on one of the routes 
plotted in Figs. 1 and 2, one side circuit of a pair of 
intensively occupied phantomed circuits, and schemati¬ 
cally outlining its possible transmission channels as 
in Fig. 3, something may be seen of the orderly func¬ 
tional arrangements of apparatus required. It is not 
to be supposed that all long circuits provide this number 
of kinds of message facilities. But on the other hand, 
they must he considered as potentially capable of being 
so occupied. 

Wi,th this situation in mind, we may consider in 
some detail just what the manifold functions of typical 
networks are and may illustrate them concretely in 
a typical system. The illustration will be that of a 
three-channel (i. e., three-conversation) carrier tele¬ 
phone system. The functions necessarily divide them¬ 
selves according as they have to do (1) with the primary 
purposes of employing the networks, and (2) with the 
conditions to be met by networks as integral parts of 
systems, working harmoniously with other apparatus. 
As a prerequisite to such a discussion we shall start with 
a survey of the ideals of signal transmission, and as a 
logical closure we shall indicate the directions in which 



Fig. 2—Route op the Long Distance Telephone and Telegraph Facilities which are 
Superimposed on Local Wire Line and Cable 


plexing messages, means careful consideration of the physical limitations are to be found in the construction 
fundamental factors influencing transmission and of of networks to have prescribed characteristics, 
the numerous functional objectives which component The remainder of this paper will therefore be devoted 
apparatus must attain. This is particularly so if the to: (1) signals and their transmission, (2) primary 
service provided is to have universal standards, regu- functions of transmission networks, (3) secondary 
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functions imposed on networks by the necessity of 
coordinating parts of systems, (4) a specific illustration 
of their use in a three-channel carrier telephone system, 
and (T>) engineering limitations on network design and 
construction. 

Only the more important types of transmission 
networks will he mentioned under (2). These are: 
ware filters, equalizers, telephone transformers, line 
balancing (i. e„ simulating ) networks, and artificial lines. 
Under (4) the use of but the first two of these types 
will he shown. 

1. Signals and Their Transmission 

Signals, whether of systems of telephony (carrying 
speech and music), telegraphy, or telephotography, 
have qualities of wave composition which differentiate 
them from other electrical waves. These qualities 
determined largely the performance required of net¬ 
works which aid in their transmission, and thus provide 



Fio. 3 —The Possible Tuansmikhion Channels at a Repeater 

Station 

much of the physical basis of transmission network 
design methods. It is obvious from the purpose and 
circumstances of signals that they are essentially of a 
temporary character. They are used at a particular 
time to convey information and they cease as soon as 
their message has been transmitted. We may consider 
as pertinent examples of this: articulate speech, music, 
and telegraph signals. 

Consequently, even the most elementary of signals, 
such as a “single-frequency tone,” maintains an ap¬ 
proximate steady state merely for a limited period. 
Such elementary signals can be used to convey only a 
very small number of different ideas. For the free 
interchange of ideas through signals we must employ 
either a complex code of artificial groups of signal 
elements to represent the characters of a written lan¬ 
guage, or the much more complex signal elements 
(vowels, consonants, and notes) required in spoken 


language and music. 6 In the case of telegraphic 
signals, because of economic considerations, the dura¬ 
tion of and time between pulses is made so short that 
the transient state predominates, so that the distin¬ 
guishing characteristics are largely transient in charac¬ 
ter. In the case of speech and music, owing to changes 
in expression much of the distinguishing characteristics 
are als6 transient in character. To put this in another 
way, the envelopes of the waves which modulate with 
time the characteristic frequencies which the sounds, 
if sustained, would tend to possess, have an important 
bearing on the meaning conveyed by the signal. Pres¬ 
ervation of these envelopes is a matter of transient 
state transmission. But transient states really involve 
the transmission of steady-state frequencies grouped as 
continuous bands along the frequency scale. Preserva¬ 
tion of the entire content of a signal therefore involves 
consideration of the transient properties of networks, 
i. e., involves their steady-state properties over a somewhat 
unde frequency range. 

The initial and final decay periods of a sound would 
clearly arise from the exigencies of time,—from the 
temporary character of sounds and the sequential 
arrangement of syllables in speech and notes in music. 
They are, however, attended by psychological peculiari¬ 
ties which have a bearing not only on the superficial 
meaning of the signals but on the recognition of identity 
of the speaker {naturalness includes this) and on shades 
or variations of meaning to express ideas pointedly. 
These peculiarities lead to considerable differences in 
wave form among examples of the same nominal sound. 

In spite of this and of the variations which exist 
between voices of different persons, it is found possible 
to evaluate experimentally the relative importance of 
different frequency ranges in the transmission of sounds 
and to determine what imperfections of signal waves are 
permissible, in the aggregate, in transmission. This is 
usually done by removing, with electrical wave filters, 
various frequency ranges from a transmission system 
capable of transmitting the entire audible frequency 
range. Not only is the importance for the interpreta¬ 
tion of speech sounds determined but also the impor¬ 
tance for conveying the more subtle and psychological 
aspects of both speech and music. 

The imperfections which may creep into the trans¬ 
mission of signals may be classified under three head¬ 
ings: improper signal volume, distortion of signal con¬ 
tent, and interference by waves foreign to the signals. 
That is, if waves are received of appropriate intensity, 
if the important frequency ranges are uniformly 

5. The signals corresponding to pictures resolved for trans¬ 
mission purposes are somewhat similar in form to telephone and 
telegraph signals. On the other hand, depending on the speed at 
which they are sent, they may require the use of a frequency 
range greater even than that of speech or music. 

In connection with this section see “Transmission of Informa¬ 
tion” by R. V. L. Hartley in the Bell System Tech. Journal, July, 
1928. 
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transmitted, and if nothing but the desired waves are 
received, the ideals of transmission will have been 
realized- Waves may be so strong as to cause physio¬ 
logical difficulties in reception, or so weak as not to be 
recognized. This means that efficiency of transmission 
is an important factor although, when amplifiers are 
used, partly an economic one. Signal distortion is of 
two kinds: amplitude distortion and phase distortion. 
Amplitude distortion arises from the transmission of 
different frequencies with unequal efficiencies and is 
highly important in all types of signals, but its aggregate 
importance depends on the importance of the frequency 
components that are efficiently transmitted. Phase 
distortion results from different frequencies traveling 
with different velocities such that their relative arrival 
times differ from their relative starting times. It is 
ordinarily less important in the transmission of speech 
than in other kinds, but the accumulation of phase 
distortion which may occur on long telephone circuits 
gives rise to undesirable transient effects. Interference 
may be of two kinds: It may arise from the introduction 
of energy into the communication circuit from outside, 
through electrostatic or electromagnetic coupling, or it 
may result from the imperfect separation of several 
simultaneously transmitted signals or from the genera¬ 
tion of extraneous frequency components through 
modulation. 

These three types of imperfections should be kept in 
mind in considering the functions of different types of 
transmission networks. 

II. Principal Functions of Transmission 
Networks 

The principal functions of the more important types 
of networks may be described as follows: 

Wave Filters 

It is characteristic of telephonic signals that their 
transmission requires the use of a continuous band of 
frequencies whose width may be perhaps 2000 cycles as 
a minimum and 6000 cycles as a maximum (both 
approximate). Where, as an example, due to economic 
factors it is desirable to transmit simultaneously two or 
more telephonic frequency bands, whether this be done 
entirely conductively along wires, or partly by radiation 
through space, discriminating means are required to 
make the transmission of a particular communication 
channel efficient to that band, or those bands, of fre¬ 
quencies which are desired, while rendering the circuit 
highly inefficient at other frequencies. To put this in 
another way, means are required which will pass freely 
desired bands of frequencies, while highly attenuating 
or extinguishing neighboring undesired bands of fre¬ 
quencies. This is the essential function which the wave 
filter serves. The frequencies attenuated may, how¬ 
ever, be either true signals or unintelligible noises and 
as a rule comprise both. On the other hand, should 
disturbing frequencies lie within the frequency band of 


the desired signals in the same circuit, the two groups 
cannot be separated by filtering action. 

Equalizers 

In any telephonic signal which is to be transmitted 
efficiently, proper audition requires that all component 
frequencies be treated alike, in so far as efficiency of 
transmission is concerned, in order that some frequencies 
may not be unduly emphasized to the detriment of 
others. This uniformity of efficiency of a band of fre¬ 
quencies is required, of course, primarily as a charac¬ 
teristic of the overall system traversed by the signal. 
Some parts of a transmission system are inherently 
not capable of closely uniform transmission. Wave 
filters, for example, tend to discriminate against fre¬ 
quencies near the edges of their transmission bands due 
to dissipation of energy in the effective resistances of 
their elements and to reflection losses at their terminal 
junctions. Loaded telephone lines behave similarly 
and unloaded lines have an attenuation which rises 
gradually with frequency because of the nature of the 
capacity effects present. The equalizer cannot restore 
the loss of effectiveness which occurs to some frequency 
components due to such distortion. Amplification of 
power requires such generative devices as vacuum tubes. 
What the equalizer can do is to attenuate efficiently 
transmitted frequencies in such a manner and to such an 
extent that all desired frequencies suffer or prosper in 
transmission alike. 

Telephone Transformers 

The telephone transformer is a rather different device, 
in its electrical structure, from the power transformer. 
Two chief differences in operating requirements exist. 
The impedance of the terminal apparatus of power 
transmission circuits is generally low in comparison 
with the characteristic impedance 0 of the lines and the 
lines are electrically short, this explaining why “step¬ 
ping up” voltages on power transmission systems 
usually leads to increased efficiency. In telephone 
circuits, on the other hand, the impedance of the ter¬ 
minal apparatus is comparable in magnitude to the 
characteristic impedance of the lines, and the lines are 
electrically long. Efficiency of transmission is under 
the latter conditions governed largely by “matching 
of impedances” at junction points in a circuit. Con¬ 
sequently the effectiveness of telephone transformers in 
properly transforming the impedances of a circuit is of 
primary importance. Secondly, because of the rela¬ 
tively high frequencies employed in telephone work and 
because a rather wide band of frequencies needs to be 
transmitted, inherent internal impedances, such as those 
of winding capacities, become very important and 
require that the telephone transformer be considered 

6. The characteristic impedance of a line is one to which the 
impedance of connecting apparatus should be approximately 
matched for maximum power output conditions. It is princi¬ 
pally determined by the distributed inductance and capacity of 
the line. 



July 1929 


SHEA AND LANE: TELEPHONE TRANSMISSION NETWORKS 


1035 


primarily as a network. In the case of transformers 
working into the very high input impedances of vacuum 
tubes or providing band transmission at high fre¬ 
quencies, we may say that the frequency range of trans¬ 
mission and the transformation ratio of telephone trans¬ 
formers is as completely dependent on the magnitude 
of inductance and capacity elements as are the charac¬ 
teristics of wave filters. 

Line Balancing Networks 

The two-way repeater circuit has essentially the form 
of an a-c. bridge, in which a balanced condition depends 
both on the similarity of certain transformer (hybrid 
coil) windings and upon the equality of impedance of the 
two halves of the repeater output circuit. In the case 
of the 21-type (two way, one amplifier) repeater, the 
two halves are the telephone lines joined by the re¬ 
peater. In the case of the more stable 22-type (two 
way, two amplifier) repeater, an output circuit exists 
at each end of the repeater and each telephone line is 
matched in impedance against a "dummy” line, or 
balancing network. The function of this network is 
solely to present the same impedance to the repeater 
over a range of frequencies as is presented by the line, 
i. e., to simulate the impedance of the line. No through 
transmission is required of it. The design of such 
networks involves a choice of configurations of resis¬ 
tances, capacities, and inductances which bear a close 
physical relationship to such impedance elements of the 
line as dominate its total impedance, and a determina¬ 
tion of impedance values of the network elements in 
accordance with network theory. 

Artificial Lines 

The function of artificial lines is to exhibit some trans¬ 
mission property or properties of a real line, at one 
frequency or over a range of frequencies, so that there 
may be compactly constructed a network which will 
serve for certain purposes involving wave propagation, 
in place of a real continuous line. The artificial line is 
generally a network of lumped, discrete impedance 
elements whose constants are computed from network 
theory. One of the most common forms of artificial 
line is the variable attenuator, which is used as a basis of 
comparison in attenuation and transmission loss mea¬ 
surements. It is usually constructed of resistances so 
that over a wide range of frequencies it displays uni¬ 
form attenuation. Other forms of artificial line, how¬ 
ever, display over a range of frequencies the varying 
attenuation (and perhaps phase) properties of real lines 
and circuits and involve properly disposed inductance, 
capacity, and resistance units. In contrast to the 
equalizer, they simulate, rather than compensate for, 
frequency-transmission characteristics. 

III. Secondary Functions op Transmission 
Networks 

The functions of transmission networks outlined in 
section 2 show the ordinary reasons for their employment 
in communication systems. When so employed, how¬ 


ever, since they must fit into the transmission scheme of 
systems and work harmoniously with other apparatus, 
they may be faced, with numerous additional require¬ 
ments. Occasionally, the latter duties may even provide 
the more difficult design requirements. The more import¬ 
ant of these possible secondary requirements follow: 

Efficient Transmission 

This requirement applies particularly to transform¬ 
ers, wave filters, and equalizers. Each of these types 
of apparatus could fulfill its principal duties while con¬ 
suming an undue portion of the strength of signals en¬ 
trusted to it. Under some conditions, amplification of 
signals by the use of vacuum tubes could offset this 
consumption from a transmission standpoint at an 
economic sacrifice and the problem would then be one of 
economic balance; but in other cases the amplification 
would be objectionable because accompanied by such 
factors as amplification of noise, impoverishment of 
circuit balance, and loss of circuit flexibility. Efficient 
transmission is secured by proportioning materials so as 
to limit dissipation of energy. 

Low Distortion 

It is not possible, of course, to secure entirely uniform 
transmission of all signal frequencies, and indeed re¬ 
finements of transmission beyond a certain point have 
in this direction economic limits. To the extent, 
however, that distortion exists, the quality of signals is 
impaired. When distortion is excessive, equalizers 
often provide a desirable way of reducing it, but do so at 
a sacrifice in over-all circuit efficiency. 

Impedance Balance 

There is a number of kinds of impedance balance 
commonly found in communication circuits. All of 
them are akin to balances in a-c. bridge circuits. They 
need to be maintained over bands of frequencies. 
Balancing arrangements offer a kind of selectivity which 
differs from filter selectivity in that, in general, it keeps 
apart throughout systems two trains of waves arising 
from different sources and drawn off to different des¬ 
tinations, instead of separating on a basis of frequency 
difference waves which have mingled in a common 
circuit. An example is the balance necessary in a side- 
circuit, and therefore imposed on transformers or filters 
located in the latter, in order that currents traveling a 
superimposed phantom circuit may not interfere with 
side-circuit transmission. A second kind of balance is 
the repeater balance, mentioned in section 2, which may 
lead to requirements on, say, filters located in the out¬ 
put circuits. Here the separation is between incoming 
and outgoing speech signals using the same frequency 
range. In other cases, circuit balance is relied upon to 
prevent interference currents set up between circuit 
wires and ground from entering the circuit of the former. 
To obtain a high degree of balance, apparatus located in 
a balanced circuit must be quite symmetrical in its 
circuit impedances with respect to the associated circuit 
from which it is protected by balancing. 
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Stoppage of Longitudinal Currents 

Longitudinal currents are those which travel both 
sides of a circuit in the same direction as parallel paths 
and return by some other path, generally a ground cir¬ 
cuit. They are objectionable because (1) they tend to 
enter the transmission circuit whose sides they travel, 
in this case called a transverse circuit, through irregu¬ 
larities of balance in the latter and to unite with trans¬ 
verse currents; and (2) in many cases they correspond to 
objectionable voltages of considerable strength. They 
may be eliminated in two ways: (1) by providing for 
them a short-circuit path to ground in the longitudinal 
circuit and (2) by causing virtually an open-circuit gap 
to occur in the longitudinal circuit, each of the methods 
being so employed as not to affect transmission in the 
transverse circuit. Transformers are required by either 
method. 

Transmission in Closely Associated Circuits 

When the same wires are used to provide both side 
circuit and phantom circuit transmission, it is a require¬ 
ment of apparatus (such as transformers and filters) 
inserted in side circuits that they shall not impair trans¬ 
mission in the phantom circuit, and vice-versa. This 
means that apparatus in one circuit must not insert 
impedance in another circuit and requires close coupling 
between those impedance elements of networks which 
are located in series with the line wires. 

Stability of Characteristics with Current Variations 

If the inductances, resistances, or capacities of a 
network are subject to variations in value with varying 
current strength, as is the case, for example, with the 
inductance and resistance of coils using unstable core 
materials, two detrimental results are possible. First, 
the frequency characteristics of the network will be dis¬ 
torted as the current varies from its mean value. 
Second, a kind of modulation will occur, resulting in the 
generation of new frequencies whose presence will inter¬ 
fere with interpretation of signal waves traversing 
the network. Stability of characteristics is, obviously, 
to be secured by the use of materials whose perme¬ 
ability, resistance, and dielectric constant do not vary 
with current strength. 

Low External Coupling 

It is desirable that electrostatic and electromagnetic 
coupling between a network and parts of its own or other 
circuits be kept low, that is, that the network be self- 
contained electrically and receive and supply energy 
only through its normal input and output termi nal s. 
When coupling exists to some other circuit, (1) energy 
introduced from the latter circuit may interfere with 
signals or (2) energy derived from the network may 
cause interference in the circuit to which it is coupled. 
When coupling exists to other parts of the circuit in 
which the network is located, (1) impedance balances 
may be upset, (2) large attenuations, as of a filter, may be 
nullified by bypass circuits, and (3) circulating currents 
of considerable strength may be set up when vacuum tubes 


are involved in the circuit. Electrostatic and electro¬ 
magnetic shielding permits control of external coupling. 
Low Reflection Coefficient 

Where networks connect directly or through other 
transmitting networks to a line, it is desirable that the 
impedance offered by the network to line currents be 
such that wave reflections are not set up in the line by 
impedance mismatches at its ends. Reflections result 
not only in undesirable transient waves in the circuit 
in which they originate but cause interference into other 
circuits and complicate line transposition problems. 
There is thus usually prescribed for a network an 
impedance characteristic. 

Modulator Circuit Impedances 

When networks connect to vacuum tube modulator 
(or demodulator) circuits, they are required to have 
certain types of impedance characteristics even in the 
non-transmitting range of the networks, in order that 
modulation may be as complete as possible and yet 
undistorted. In certain modulator circuits the net¬ 
works must present a high, and in other cases a low, 
impedance to the modulator if certain frequencies which 
the tubes tend to supply are to be eliminated. 

Parallel or Series Operation 

It is a requirement particularly of groups of wave 
filters selecting signals for a number of communication 
channels that the impedance of each in the transmitting 
ranges of the others be such as not to interfere with the 
operation of the latter. In the case of filters operated 
in parallel, this means a high shunting impedance; in 
the case of filters operated in series, a low series impe¬ 
dance. It is possible to meet this requirement because 
in general numerous configurations of filter elements 
can be arranged which will meet given transmission 
requirements but allow wide latitude of choice of 
impedance characteristics. 

A number of considerations should be noted with 
respect to the above requirements. First, in any given 
circuit conditions, the requirements can be expressed in 
numerical measure so that networks can be designed to 
meet them quantitatively and measured accordingly 
when constructed. Secondly, the various requirements 
which might be imposed on a network by circuit con¬ 
ditions, tend for the most part to be conflicting, since 
they restrict choices of design, and must be evaluated 
and balanced from an economic standpoint. Finally, 
the ability of a network to meet the above requirements 
is subject to physical limitations which will be discussed 
in section 5. 

IV. Illustration of the Use of Transmission 
Networks in a Communication System 

Filters and Equalizers Required in a Typical Three- 
Channel Carrier Telephone System 

As an example of the way in which a number of 
functional requirements may be simultaneously im- 
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posed in practise on networks used in communication 
systems, let us consider the more important of the 
filters and equalizers which enter into the scheme of 
operation of a typical three-channel carrier telephone 
system. The example chosen is that of a “Type C” 
carrier system, designed for use over relatively long 
distances and employing the so-called 8 “suppressed 
carrier, single sideband” method of transmission. It 
represents, of course, but one set of possible circuit 
conditions and the numerical constants or characteristic 
curves which give the required performance of the net¬ 
works would be greatly influenced by such factors as: 
grade of transmission desired, gage of wire available, 
economical distance between repeater stations, and 
interference conditions. Hence the example should be 
considered to illustrate principles rather than to define 
practise closely. 

Jn Fig. 4 are outlined schematically the terminals 
and one of the repeaters of a Type C system, so drawn 
as to emphasize the filters and equalizers used therein. 
The upper half of the diagram relates to transmission 


lator M which raises them in the frequency scale. For 
each channel the desired sideband is selected by a 
modulator band filter (for the channel whose modulator 
is shown, band filter No. 5) and is sent into an amplifier 
A common to all three channels. Here the strength of 
the signals is increased so that even the attenuation 
of a considerable stretch of line may leave them strong 
enough to override disturbances. The “high pass” 
directional filter, arranged so as to pass currents in the 
upper half of the frequency range used by the system, 
transmits the signals to a high pass “line filter” and this 
in turn delivers them to the line. 

Upon arrival (in an attenuated condition) at a 
repeater station, the carrier currents are conducted 
through a high pass line filter to the repeater proper. 
A separation of high and low frequency carrier currents, 
corresponding respectively to the two directions of 
transmission, is effected by directional filters; conse¬ 
quently, currents arriving from the left go through the 
“input” high pass directional filter, reaching equalizer 
E t. The purpose of the latter is to correct for the signal 
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from left to right; the lower half to transmission in the 
opposite direction (and to non-carrier facilities). 
Beginning at the left-hand end of the diagram, currents 
derived from the subscriber’s line S and traveling to the 
right, pass through balancing apparatus H which 
separates on a directional basis incoming and outgoing 
currents of the carrier system, and thence into a modu- 
K. The reader is doubtless familiar with the fact that in 
carrier modulation, as in radio systems, a “carrier frequency” 
and “two sidebands" aro produced. For demodulation and 
recognition of signals the carrier frequency and one sideband may 
lie suppressed, the other sideband being transmitted and a local 
carrier froquoncy supplied at the receiving end of the system. 
By this method a smaller frequency range is required for com¬ 
munication. For a discussion of methods of operation of carrier 
systems, reference may be made to Carrier Current Telephony 
and Teleyrnpha by E. H. Colpitis and 0. B. Blackwell, A. I. E. E. 
Trans., 1921, which discusses generally the progress which had 
lieen made in carrier systems up to that time; also to various 
later papers which may be found in the Bell System Tech. Journal, 
such as that by H. A. Affel, C. S. Demarest, and C. W. Green, 
July, 1928, entitled “Carrier Systems on Long Distance Tele¬ 
phone Lines.” 


distortion introduced by the line and by directional 
filters. An amplifier A, next in order, raises the level 
of strength of the signals of all three channels. Finally, 
an “output” high pass directional filter leads the ampli¬ 
fied signal currents to a high pass line filter and thence 
to the next stretch of line over which they are to travel, 
This process may be repeated a number of times, 
depending on the total distance spanned by the system. 

When the signal currents reach the receiving terminal 
on the right, they are lead successively through a high 
pass line filter and a high pass directional filter to a 
terminal amplifier A where the channel currents are 
strengthened prior to demodulation. Demodulator 
band filters (No. 5 for the channel shown) select for each 
channel the desired group of frequencies and reject the 
others so that the demodulator D may not be hindered 
in its operation. The latter restores the channel 
currents to their original position in the frequency scale 
and delivers them through the balancing apparatus H to 
the receiving subscriber’s line S. 
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Transmission in the reverse direction is accomplished 
in a similar fashion, except that low pass directional 
filters, transmitting currents in the lower half of the 
frequency range of the carrier system, replace the high 
p ass directional filters of the upper half of the diagram. 

We may discuss in order the duties of four groups of 



Fig. o—Schematic Arrangement of a Line Filter Set 


apparatus: (1) the “line filter sets,” each comprising a 
high pass and a low pass line filter connected in parallel 
at the ends next to the line, (2) the directional filter sets, 
each comprising a high pass and a low pass directional 
filter connected in parallel at the ends next to the high 
pass line filter, (3) the band filters, arranged in groups of 
three at the terminal stations and provided with “com¬ 
pensating networks,” and (4) the equalizers located at 
repeater stations, one being used for each frequency 
range of transmission. 

Functions of Line Filter Set 
Referring to Fig. 4, it is apparent that a line filter set 
is employed wherever carrier currents are put on, or 
taken off, a stretch of line in the system. The reason 
for this is that the line is normally employed for the 
transmission of side circuit voice currents and perhaps 
phantom circuit voice and low frequency telegraph 
currents as well, and the line filter set provides the 
apparatus by means of which the carrier currents may 
be superimposed on the same line without interference. 



Pig. 6—Transmission Loss Curve Corresponding to the 
Line Filter Set of Figs. 5 and 7 


The superimposition is accomplished in two steps: first, 
a low pass filter inserted in the circuit of the normal 
facilities permits passage of the normal currents but is 
designed to reject from the normal circuit high-fre¬ 
quency carrier currents; second, a high pass filter trans¬ 
mitting carrier currents is inserted in the carrier circuit 


so designed as to reject low-frequency currents from the 
normal facilities. A schematic arrangement of a line 
filter set is shown in Fig. 5 and the transmission loss 
curves corresponding to it in Fig. 6. A photograph of a 
typical line filter set is given in Fig. 7. Fig. 6 shows the 
reduction in strength suffered by currents because of 
the presence of the filters between A A and B B, and 
between A A and C C, respectively. This reduction 
(called transmission loss) is plotted in decibels 9 (d b ) which 
are logarithmic in character but the corresponding cur¬ 
rent ratio values are shown by the ordinates at the right 
of the figure. 

We may now observe: 

(1) That if telegraph facilities are maintained, the 
low-pass filter must yield desired telephone current 
characteristics while carrying substantial telegraph 
currents. 10 



Fig. 7—Illustration of the Line Filter Set of Fig. 5 


(2) That if a phantom circuit is maintained, in one 
side circuit of which the low pass filter would then be 
located, the latter must be well balanced with respect to 
similar apparatus provided in the other side circuit 
(see Fig. 3) and such close coupling exist between its 
series impedances that only a small amount of impe¬ 
dance is introduced into the phantom circuit (see Fig. 8). 

(3) That the low pass filter must act as a high impe¬ 
dance shunt in the transmitting range of the high pass 
filter, and that, correspondingly, the high pass filter 


9. Current, voltage, or power (magnitude/ ratios may be 
expressed logarithmically in decibels (d b). The number of d b 
corresponding to a ratio of the magnitudes of two currents 

Voltage ratios are expressed 
similarly. For two powers 
Pi and 


7x and /2 is N an = 20 logio 


P 2 , however, N db = 10 login 


El 

P* 


10. The location of the telegraph composite set in Fig. 3 has 
been changed to eliminate some of these difficulties, so that the 
standard location of this composite set is now on the line side of the 
low pass line filter. 
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must act as a high impedance shunt in the transmitting 
range of the low pass filter, i. e., that the filters must be 
mutually designed for parallel operation. Impedance 
characteristics illustrative of this point are given in 
Fig. 9. 

(4) That disturbances of considerable potential, 
such as those which may occur when telephone lines are 
exposed to power transmission lines, find the line filter 


tional point requires that the filter characteristics be 
independent of current values. 

(9) That from a standpoint of wave reflections at 
the end of long stretches of line, the line filter set is in a 
prominent position and the impedance which it presents 
to the line (this of course depends upon the other ap¬ 
paratus as well as upon the line filter set) must match 


set as the first networks which they would traverse in 
the system; and the line filter set must have sufficient 



§ H S!f I 


FREQUENCY IN CYCLES PER SECOND 


Fig. 9—Impedances op Low- and High-Pass Filters Designed 
foii Parallel Operation 


halves of the filters must be provided in order to prevent 


FREQUENCY IN KILOCYCLES PER SECONO 


longitudinal currents from entering the carrier system or 
the normal circuit. 

(6) That only a very small amount of transmission 
loss can be allowed in the transmission range of each 
filter, because of the number of line filter sets which 
currents encounter in a system of considerable length. 

(7) That only very low distortion is permissible 
in the transmission bands, for the reason given under 

( 6 ). . , 

(8) That, because of the rather rapid changes m the 
transmission loss characteristics in the vicinity of 3000 
cycles, precision of location of this frequency as a separa- 


Fig. 12—Illustrating how Modulation May bh 
Generated in the Low-Pass Filter Which Will Penetrate 
the High-Pass Filter 

the impedance of the line, as illustrated in Fig. 10. The 
difference between the filter and line impedances of 
Fig. 10 is expressed as a percentage “reflection co¬ 
efficient” in Fig. 11 to indicate the portion of arriving 
waves which will be reflected. 

(10) That modulation occurring due to unstable 
filter elements can give rise to: (a) high frequencies 
generated in the low pass filter which will be transmitted 
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as interference by the high pass filter, and (b) low fre- example, note from Fig. 4 that interference between 
quencies generated by intermodulation of carrier fre- high pass line filters at the opposite ends of a repeater 
quencies in the high pass filter which will penetrate the provides a return path for amplified currents and tends 
low pass filter; thus that an additional requirement to cause circulating currents or even “singing”.) 
exists on the stability of the filter characteristics.. (12) That when at repeater points a normal voice 
Fig. 12 shows how modulation current may be genet- repeater exists in the circuit in which the low pass filter 



Fig. 13—Configuration of Typical Directional Filters in a Repeater Circuit Containing 

Amplifiers (A) and Equalizers (E) 

is placed, an impedance balance will be required between 
the line filter set and the corresponding balancing ap¬ 
paratus in the repeater. 

Functions of Direction Filter Sets 
The functions of directional filters, whether located 
at terminal or repeater stations, are less numerous in 
kind than those of the line filters, but a generally more 
severe degree of performance is asked of them. We 
need consider only those used in repeater stations, as 
virtually identical filters are required for the terminal 




SUM OF TRANSMISSION 
LOSSES OF NETWORKS 
AROUND A REPEATER LOOP 


4 10 G^"l4 20 22 “ *mT 26"''* 28^’’ 

' FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 15—Transmission Loss Characteristics op the Four 


Fig 14—Carrier Repeater 

A—High-pass input filter 
B—High-pass output filter 
C—Low-pass input filter 
D—Low-pass output filter 
E—Equalizer for upper frequency group 
P—Equalizer for lower frequency group 
G—Amplifier for upper frequency group 
H—Amplifier for lower frequency group 
I, J, and K —Auxiliary apparatus 

ated in the low pass filter which will penetrate the high 
pass filter. 

(11) That a requirement will exist on the degree of 
interference permissible between the filters of each set 
and other apparatus of the same or other systems lo¬ 
cated at the same station. (In this connection, for 


Directional Filters Used in a Repeater Circuit. Equal¬ 
izer Characteristics are Shown in Dotted Form 

points. Fig. 13 shows the configuration of typical 
directional filters as employed in a repeater circuit, 
and Fig, 14 is a photograph of a carrier repeater which 
includes directional filter sets. The input and output 
filters are the same in form but differ slightly in values 
of the network constants. 

Transmission loss characteristics of the four direc¬ 
tional filters are given in Fig. 15. The sharpness of 
selectivity displayed may be gaged by comparison with 
the characteristics of Fig. 6 for the line filters, it being 
remembered that on a frequency percentage basis a 
1000-cycle interval at 17 kilocycles would correspond to 
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about 175 cycles at 3 kilocycles. From an economic 
standpoint, of course, it is the actual width of frequency 
interval given up for separational purposes which is of 



Fin. 10 On ah actjuristic ok Typical Network Structures 
ok Fra. 20 


UPPER FREQUENCY GROUP 




Fia. 17 —Typical Groups of Band Filters for the System 

of Fio. 4 


importance, but from a design standpoint percentage 
width is a measure of difficulty. 

The functions of the directional filters will not be 
examined in the manner of the line filters, because of 
lack of space. However, among the most important 
requirements are those on modulation, interference, 
distortion, and the combined filter transmission losses 
around the repeater circuit (safeguarding against 
“singing”). 

Functions of Band Filters 

Typical groups of band filters for the system of Fig. 4 
are exhibited in Fig. 17 and the corresponding trans¬ 
mission loss characteristics in Fig. 18. In Fig. 18 the 
line filter and terminal directional filter loss charac¬ 
teristics are shown in dotted line form. The lower 
group of transmission bands lies between the separa¬ 
tional point (3000 cycles) of the line filter set and .the 
separational point (17,000 cycles) of the directional 
filters. The transmission loss in the bands is generally 
higher than for the directional and line filters, for two 
reasons; channel currents traverse but two band filters 
in a system and the loss may be afforded; also it is natural 
for the loss in filters having fairly narrow transmission 
bands to be higher than in low pass and high pass 
filters. 

We shall discuss four additional points in connection 
with the functions of these filters, out of the many which 
might be selected: 

(1) Their parallel operation is aided by certain 
“compensating networks.” In order that each filter 
may be least affected in its transmission band by the 
shunting effect of the others, each filter is built out with 
a special termination at the paralleling end (as if to 
“load” away the effect of the other filters). Such 
building-out causes distortion at those edges of trans¬ 
mission bands which have no neighboring transmission 
bands in the frequency scale (for example, near 6.5, 
15, 18, and 28 kilocycles). To overcome such dis¬ 
tortion, the compensating networks are given the 
impedance values which would be offered by such 
absent filters in the series. 

(2) The band filters are not balanced with respect to 
a ground system but rather represent only one-half of a 



Fig. 18 —Transmission Loss Characteristics of Band Filters Shown in Fio. 17. Line Filter 
and Terminal Directional Filter Characteristics are Dotted 
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balanced circuit (a form of “unbalanced” circuit) and a 
common side of each is maintained at ground potential. 
This type of circuit is more economical, where it can be 
employed. 

(3) The band filters all possess, at the end remote 
from paralleling, the same type of termination, i. e., 
there is in each case an anti-resonant arm, in shunt 
across the filter. These terminations for band filters 
correspond to a class of band filter sections which offer 
desirable impedances in certain frequency ranges to the 
modulators or demodulators with which, at one end of 
the system, they work. They do not, however, result 
in the least distortion which might be had in the trans¬ 
mitted bands if modulator and demodulator action had 



Pig. 19 —Thb Impedance op a Band Filter with Associated 
Apparatus as Seen prom a Modulator 

not to be considered. A different type of termination 
will be found in all of the directional and line filters of 
Figs. 5 and 13 and the latter termination is chosen from 
a distortion and reflection coefficient standpoint. This 
illustrates how two independent requirements both 
intended to accomplish very desirable objects, may be in 
conflict. Fig. 19 shows the impedance of a band filter 
with associated apparatus as seen from a modulator. 

(4) One frequency which each modulator band 
filter must suppress is the truly steady-state carrier 
frequency supplied by its modulator. The carrier fre¬ 
quency in each case will be located just off a transmis¬ 
sion band, on a “side” of the loss characteristic. While 
the voice currents represented by the transmitted side¬ 
band may, from instant to instant, change in amplitude 


and frequency content, the carrier frequency is fixed in 
size and frequency location. For its suppression with¬ 
out undue distortion of the wanted sideband, the various 
transmi s sion bands must be very accurately located in 
the frequency scale at predetermined positions. This 
is one of the predominating features of carrier band 
filter characteristics. 

Functions of Equalizers 

The position of equalizers in a carrier repeater has 
been shown in Figs. 4 and 13 and typical network struc¬ 
tures, connected between transmitting apparatus • Z s 
and receiving apparatus Z R , are illustrated in Fig. 20. 
Loss characteristics are shown in Figs. 15 and 16. 
We shall merely add to the previous discussion of car¬ 
rier repeaters, first, that in whichever frequency group 
the equalizers occur, they add at all frequencies to the 
“loop loss” of the repeater networks and second, that to 
the extent that they provide transmission loss, they are 
of such a type as to provide desirable impedances in 
which to terminate directional filters and thus have an 
important function from a reflection coefficient stand¬ 
point. Fig. 16 brings out the way in which equaliza¬ 
tion for line and directional filter distortion occurs. 



Fig. 20 —Typical Network Structures Between Z s and Z» 


V. Engineering Limitations on Network Design 
and Construction 

To work out theoretically a network of inductances, 
capacitances, and resistances which will offer certain 
desirable transmission characteristics over a frequency 
range, is a matter of following certain theoretical design 
methods. To build actual networks which will possess 
and retain these characteristics involves a large number 
of factors which come into play and which must be 
balanced against one another. 

Accordingly, it is necessary to point out the principal 
directions in which limitations are to be encountered, 
for the value of network design methods is limited 
exactly by the degree to which networks may be physi¬ 
cally constructed so as to give desired characteristics. 

Between the indicated theoretical performance of a 
network and its actual performance there enter, in 
general, four types of discrepancies. They are con¬ 
cerned with the following four questions: (1) How 
accurately does the indicated theoretical performance 
correspond to the exact theoretical network chosen? 

(2) How nearly is the actual form or configuration of 
the network what it is theoretically supposed to be? 

(3) How accurately is the network constructed? 
(4j How stable are the characteristics of the network 
during operation? 
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There are two sources of error which affect the the¬ 
oretical exactness of the computed performance of a net¬ 
work i both have to do with the approximations which are 
necessary when mechanical aids are used in computa¬ 
tion. One lies in computations of the network con¬ 
stants (L s, C s, and R’s) from chosen significant fre¬ 
quencies, impedances, or other design bases, and the 
other in determinations of the characteristics them¬ 
selves either from the network constants, or from the 
bases referred to. Discrepancies of either kind are not, 
when reasonable care is used, ordinarily large enough 
to be important except in the case of apparatus which 
needs to be made very accurately. 

The form or configuration of a network introduces 
four important factors leading to discrepancies, viz., 
(1) interactions between network elements, (2) dis¬ 
tributed impedance effects in the elements themselves, 
(3) admittances from elements to ground, and (4) 
effects of the wiring system. 

Interactions between Network Elements 
These arise from the difficulty of confining electrical 
effects within exact boundaries. Electrostatic and elec¬ 
tromagnetic coupling between various pairs of elements 
give the effect of inserting additional elements in the net¬ 
work. Such effects are most serious when coupling 
exists between elements differing in potential (rela¬ 
tively) by a considerable amount. An example is the 
tendency of capacitive coupling between elements at 
opposite ends of a network of considerable transmission 
loss to by-pass currents around the network and thus to 
limit that loss. 

Distributed Impedance Effects in Network Elements 
It is simplifying from a mathematical standpoint to 
deal with definite lumped inductances, capacitances, 
and resistances. But it is only proper to realize that 
lumped constants do not occur strictly in nature. 
Rather it is the tendency of circuits, except when 
specially formed and even then to some extent, to 
spread out in such a manner as to show distributed 
impedance effects. Thus the effective impedances of 
network elements are formed by a summation of dif¬ 
ferential effects not all of the same kind. What is done, 
for example, in the design of inductance coils is merely to 
bring out, or emphasize, inductance in comparison to 
resistance and capacity, for a certain frequency range 
and to a first approximation. The character of the 
impedance, then, must necessarily change with fre¬ 
quency. A coil of wire may be in one frequency range 
nearly a pure resistance, in another an inductance, and 
in a third capacity may predominate. By a choice of 
types of construction, with a view of course to cost, 
these changes with frequency may be minimized but 
cannot wholly be eliminated. 

Admittances from Elements to Ground 

Although interactions between network elements 
may be reduced by shielding, it should be appreciated 
that the presence of shields tends to cause admittances 


to ground from different parts of a network to increase. 
Even when the best shield has been used there is not, 
exactly speaking, such a thing as a two-terminal im¬ 
pedance (i. e., one in which current enters and leaves 
only through a single pair of terminals), unless, of 
course, one terminal is connected to ground. A con¬ 
denser, for example, may have not only its main capacity 
between terminals but a minor capacity from each 
terminal to ground as well. 

Wiring Effects 

The impedances of the wiring system of a network are 
often neglected in theoretical analysis but may be im¬ 
portant from several standpoints. Capacity intro¬ 
duced by wiring tends to cause interactions among the 
network branches, and a ground system of appreciable 
resistance will not only increase low transmission losses 
but destroy high transmission losses by providing 
mutual impedance between input and output terminals 
of the network. 

Accuracy of network construction is dependent, for 
a given design, primarily on (1) the accuracy of electri¬ 
cal measuring circuits used in conjunction therewith, 
(2) the fidelity of test conditions, and (3) the care and 
skill exercised in making adjustments. This assumes 
that the design is such mechanically as to permit close 
adjustments to be made. Electrical measuring circuits 
may be used to measure the constants of individual 
elements, or the characteristics of groups of elements or 
of networks as a whole. If the accuracy of the circuits 
is known, possible deviations in the transmission char¬ 
acteristics may be estimated accordingly. Fidelity of 
test conditions refers to the condition that elements 
must be tested with due recognition of the manner in 
which they are used in networks, and that networks 
must be measured under the same circuit conditions as 
used, or allowances made accordingly. How much care 
and skill may enter into making adjustments is chiefly 
an economic question. 

Stability of network characteristics under operating 
conditions is largely dependent on the materials em¬ 
ployed in construction. Suitable materials are usually 
limited in number either by economic considerations or 
by the limitations of engineering knowledge. The chief 
sources of instability of characteristics are: changes 
with current variations (either temporary or perma¬ 
nent), changes due to temperature and humidity fluctua¬ 
tions, and a group of changes called “aging” which have 
to do with releases of strains and fatigue of materials. 
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Discussion 

S. B. Covey* It is estimated that in the Bell System there are 
in service more than a quarter of a million of the networks de¬ 
scribed by Messrs. Shea and Lane. These networks vary from 
simple resistance windings on small wood spools weighing not 
more than an ounce to complicated assemblies of coils and con¬ 
densers occupying space to be reckoned in cubic feet and weighing 
perhaps as much as 50 lb. Each of the many types of networks 
must occur at its proper point in the circuit. The providing of 
a circuit terminal with its full and proper complement of equip¬ 
ment calls for an intricate cross-connection of the office wiring. 
Changes in circuit layout must be made frequently and the task 
of executing these changes-may be far from simple. Errors in 
cross-connection contribute definitely to the total number of 
troubles responsible for improper service, and the rapidly mount¬ 
ing use of these networks cannot but increase this contribution. 
In connection with the provision of telephone facilities, the 
present tendencies are toward a greater and greater proportion 
of the total investment being concentrated in the central office 
buildings in the form of elaborate equipment. It is estimated 
that 25 per cent of this equipment is composed of networks. 
This brings to mind at once that very definite consideration 
must be given to the matter of space requirements. There are 
instances where building extensions have been necessary for this 
purpose alone. 



Telephone Circuits for Program Transmission 

BY F. A. COWAN' 

Non-member 

Synopsis* Networks of telephone circuits which arc extensively factory transmission at the present time are enumerated. The ar- 

used in the transmission of programs to broadcasting stations are rangements of the networks as well as the procedures used in setting 

described m this paper. Certain stages in the development of these up and maintaining them are discussed, 

networks arc considered and the general requirements for satis - ***** 


M UCH of the phenomenal growth and present 
excellence of radio broadcasting has resulted 
from contributions made by associated branches 
of the electrical art. Of these contributions perhaps 
none has had a greater elfect than the introduction of 
the program transmission wire networks, which make 
chain broadcasting possible. Broadcasting had hardly 
emerged from the novelty stage before the need for 
programs presenting music of the highest grade, 
speeches by prominent people, and descriptions of 
sports events of sectional or national interest became 
evident. It was further recognized that in addition 
to providing programs of this character, it would be 
desirable to broadcast the programs simultaneously 
from a number of stations. These conditions estab¬ 
lished a demand for means of picking up selected pro¬ 
gram material and transmitting it to broadcasting sta¬ 
tions scattered throughout the country. For this trans¬ 
mission, wire lines have proved to be very satisfactory 
and are in general use for this purpose. 

Prior to the general development of radio broad¬ 
casting, the Bell System had, incident to other develop¬ 
ments, worked out the problems involved in such trans¬ 
mission, and on numerous occasions had set up inter¬ 
connections of radio telephone stations and public 
address systems which were substantially the same as 
those required for broadcast program transmission. 
The telephone companies were, therefore, able to meet 
this new requirement for communication service early 
in the development of radio broadcasting. One of the 
first occasions of this type was in the fall of 1922, 
when the description of the Chicago-Princeton foot¬ 
ball game at Chicago was broadcast through station 
WEAF, then operated by the American Telephone and 
Telegraph Company, at New York City. Another of 
the earlier services was the interconnection of six 
broadcasting stations, one of which was in Dallas, for 
the simultaneous broadcasting of President Coolidge’s 
first address to Congress on December 6,1923. Since 
that time there has been a steady and continuing 
growth in this service until there are now furnished 
by the Bell System more than 30,000 mi. of regularly 
established program circuits which connect in various 

1. Long Lines Dept., American Telephone and Telegraph 
■Co., New York, N. Y. 
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the A. I. E. E., Dallas, Texas, May 7-9,1929. 


combinations and at various times over 125 radio 
broadcasting stations covering the entire United States. 
The various stages of this development up to the 
establishment'of a 15 station part-time network in the 
latter part of 1924 are described in a paper by Messrs. 
Foland and Rose, published in the January 1925 issue 
of Electrical Communications. 

The first multi-station network for which special 
equipment was provided at key points on a permanent 
basis was initially called the “red network” for no other 
reason than that those cities which were to be con¬ 
nected were indicated on a chart by red lines, and a 
memorandum on the arrangements for the circuits 
referred to them as the “network shown in red.” 
As other networks came into being, the convenience 
of a short color name for differentiating between them 
resulted in a rather general use of this form of designa¬ 
tion within the telephone companies, and it was not 
long before this nomenclature had spread among the 
various broadcasting companies. 

Initially, this network service was confined mainly 
to evening hours and to sections where telephone mes¬ 
sage circuits could be obtained but it soon became 
apparent that more time would be required than could 
be furnished on this basis, and as rapidly as possible 
program circuits specially provided for this purpose 
were made available on a larger scale. The routes of 
the regularly established program circuits of the Bell 
System in the United States on March 15, 1929, are 
shown on Fig. 1. These regular networks are supple¬ 
mented by special circuits which are established for 
the transmission to the network control points of pro¬ 
grams picked up at the location of events of particular 
interest or national importance. Also, on certain oc¬ 
casions, several of the chains have been merged into 
one, thereby forming a network of stations which 
effectively makes the United States into one large 
auditorium. 

The general transmission requirements of circuits 
for the satisfactory handling of program material are 
not greatly different from those for good telephone 
connections. The nature of the program material is 
usually such, however, that the specific requirements 
for a network of program circuits are much more exact¬ 
ing than for the usual types of message circuits. 

These, differences lie in the fact that for satisfactory 
transmission of speech from the message traffic stand- 
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point the primary requisite is that the message shall the momentary volume peaks vary over a range of 20 
be readily recognizable and intelligible with natural- to 30 decibels. The program transmission circuits are 
ness of tone as an important but secondary considera- arranged to transmit satisfactory volume ranges 
tion; whereas the satisfactory transmission of programs of this order of magnitude. Since much of the char- 
for broadcasting purposes requires faithfulness of repro- acter of large symphony orchestras is contributed by 
duction of speech, music, and incidental details with variations in volume, it would undoubtedly add 
intelligibility and naturalness of tone of about equal greatly to the pleasure afforded the radio listener to 
importance. In order to achieve these effects it is reproduce these variations even more faithfully. It 
necessary to transmit with reasonable uniformity a is to be expected, therefore, that within the next few 
wider range of frequencies and volumes than is ordi- years improvements in the broadcasting technique will 
narily required for message traffic. be considered from various points of view and the net- 

For example, a frequency band 2500 cycles in width work circuits will be called upon to keep pace with such 
will, if properly, utilized, provide facilities for the trans- developments. 



Fig. 1 —Bell Sysetm Program Networks in the United States on March 15, 1929 



No. of 

Length 

Network 

stations 

in miles 

Red . r- NBO 

44 * 

10,800 

Blue — NBO 

11 

3,500 

Purple — OBO 

42 

7,500 

Green- — ABO' 

3 

1,900 

Pink — ABO 

5 

1,700 

Orange — NBO 

5 

1,700 

White — PPA 

21 

3,800 

Brown — DL 

3 

450 


134 

31,350 


mission and ready interchange of ideas through the The wire networks are arranged for the transmission 
agency of easily understandable speech whereas for in only one direction in the same manner as the broad- 
program transmission with the present type of micro- casting stations. This removes the problem of echoes 
phones, amplifiers, and loud speakers a frequency band and possible singing which is introduced where two-way 
of between 4000 and 5000 cycles in width is usually transmission is required. It also permits a more simple 
required. Most program circuits at the present time treatment of the many connections between circuits 
transmit frequencies above about 100 cycles and below involved in supplying programs to. a large number of 
about 5000 cycles. The normal range of volumes in points. The networks are set up with main radial 
programs is usually much larger than can be success- circuits over trunk routes from which branches feeding 
fully handled by the present type of radio broadcast the various stations are taken off. At these branch 
transmitters and receivers with the result that at the points the connection is accomplished with the aid of a 
pickup point the amplification is adjusted from’time to one-way amplifier arranged to prevent any reaction on 
time to reduce the variations in volume. This com- the trunk circuit by conditions on the branch circuit, 
pression is such that for average broadcast material New York City is the originating point of the red. 
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blue, purple, and white networks and from it the largest 
number of wire networks radiates. Atlanta, Cincinnati, 
Kansas City, Chicago, St. Louis, and San Francisco 
are also large network centers. The work of properly 
setting up the veritable web of circuits radiating from 
and interconnecting these points and properly safe¬ 
guarding the service, requires the constant attention of 
a large group of men strategically located and provided 
with means of rapid intercommunication. To increase 
the effectiveness of this organization the country has 
been divided into areas with one of the wire centers 
listed abpve designated as the control office for the 
contiguous area. Telegraph wires are provided con¬ 
necting each of the repeater offices within a given area 
with the area control point and the area control offices 
are in turn connected with New York. By the use of 
these telegraph wires the reports covering the condition 
of the circuits and instructions regarding measurements 


mission features of the set up is prepared and distributed 
on cards called a “circuit layout record card.” The 
information as to the points at which repeaters are 
used, as well as the gains to which they should be ad¬ 
justed, is given on one card while a second card gives 
detailed information regarding the wires assigned for 
the circuit unit, the equipment to be connected, and the 
computed 1000 cycle transmission loss of the line and 
equipment in decibels. The required transmission 
equivalent of circuit units of this type is 0 decibel and 
to obtain this, the sum of the amplifier gains assigned 
just equals the computed total loss of the line and 
associated equipment. By making the net loss of all 
the program units zero the transmission loss of a net¬ 
work is made independent of the number of units enter¬ 
ing into its make up. 

To illustrate the factors entering into the determina¬ 
tion of the proper set up of a circuit unit, the layout of 
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Fig. 2—Schematic Layout and Transmission Level Diagram of Dbnvbr-Omaha Program 
Circuit Unit Arranged For Transmission from Omaha to Denver 


and adjustments required in setting up or rearranging 
the program circuits are handled. Due to the method 
used in connecting the branches to the trunk circuits, 
the various area control offices are able to carry on their 
work practically independently of the other offices. 

To facilitate further the testing and maintenance of 
the network, the circuits within an area are further sub¬ 
divided into sections usually about 500 mi. in length. 
Certain offices are selected and designated as control 
points for these sections which are known as program 
circuit units and are established, tested, and maintained 
as independent units. The units are designated by the 
names of the two terminal offices and those between the 
same two points are numbered successively. Complete 
networks are established by connecting the necessary 
number of units together. Any two program circuit 
units over the same route are so designed as to be inter¬ 
changeable and a spare unit established for emergency 
or special use may be used to protect the service on 
several networks. 

Information for use by. the field forces in establishing 
and maintaining the networks consisting of data cover¬ 
ing the radio stations to be connected and the makeup 
of the circuits as well as information regarding the trans- 


the No. 1 Denver-Omaha program transmission circuit 
unit which is a typical one, as well as the transmission 
levels at the various repeater offices, when arranged for 
transmission Omaha to Denver, is shown in schematic 
form in Fig. 4. It may be seen from this chart that in 
addition to making the total gain equal the total loss, 
.the unit is so set up that the gain at each amplifier 
point just equals the loss in the preceding sections. 
This results in a uniform level at the output of each 
amplifier and permits the transmission of the program 
at a higher average volume level without overloading 
the amplifiers or introducing interference into adjacent 
circuits. At each amplifier point there is, in addition 
to the amplifier transmitting towards the next station, 
one which is used for monitoring the circuits and 
making various service observations. An instrument 
known as a volume indicator is normally connected to 
this amplifier and is used to check up on the volume of 
the transmitted program. It is also used sometimes to 
obtain a quick check of the strength of tones applied 
for measuring purposes although there is provided for 
this purpose special precision transmission measuring 
apparatus. 

The line wires in this case are No. 8 B. W, gage 
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copper, and are not loaded, which is the type generally 
used for program transmission. The incidental cables 
for entrance into cities are either No. 10 or 13 B. & S. 
gage arid are loaded to have approximately the same 
characteristic impedance as the line wires, namely, 
600 ohms. The cutoff frequency of this cable loading 
is sufficiently high to permit the operation of the carrier 
current telephone systems which are connected to these 
wires. The transmission loss at various frequencies 
of a typical section of line wires with incidental cables 



Fig. 3—Line Attenuation of Typical Repeater Section 
of a Program Transmission Circuit 

is shown in Fig. 3. The over-all gain at various fre¬ 
quencies introduced at typical repeater points is shown 
in Fig. 4. It may be seen that within the band which 
at the present stage of the art the circuits are designed 
to transmit, the gain is substantially complementary 
to the loss so that the resultant net loss in each repeater 
section for the frequencies within this band is practi¬ 
cally uniform. The gain of the repeaters at the higher 
and lower frequencies relative to 1000 cycles is adjust¬ 
able so that it may be made to conform to the varying 
conditions likely to be encountered. 

In addition to the constant watch which is maintained 
through the length of the circuit and particularly at 
all points where broadcasting stations are connected 
to the circuits during the transmission of programs, 
frequent tests are required in order to keep the circuits, 
in shape and prepare them for the periods of use. At 
the present time complete measurements are made on 
each program circuit at least once each day and periodic 
tests of a less comprehensive nature are made at fre¬ 
quent intervals throughout the day. On the complete 
over-all tests a testing tone of the required strength and 
having a frequency of 1000 cycles per see. is applied 
at the originating point of the section of network under 
test. At each amplifier point in succession beginning 
with the originating point the level of the testing current 
is measured and reported back to the control office. 
Such changes as are necessary to bring the level to the 
required value are made and when all points have been 
covered the frequency of . the testing tone is changed and 
the procedure repeated. In general, measurements are 
made at only about four or five frequencies covering 
the band which it is desired to transmit on the daily 


tests although in some cases it may prove desirable to 
measure at as many as forty different frequencies. 
After completing the adjustments at all necessary fre¬ 
quencies the testing tone is removed and the circuit is 
observed for any noise, crosstalk, or other possible 
sources of trouble. A test program is then sent over 
the circuits and reports as to quality are made. To 
provide for making this last test, the more important 
control offices are equipped with a high quality phono¬ 
graph pickup as well as microphones for talking tests. 

As has been pointed out in the foregoing, it is neces¬ 
sary for the observers at the amplifier points to be con¬ 
stantly on the lookout for any irregularities which 
might cause trouble and take such steps promptly as 
are necessary to clear any troubles observed or forestall 
any potential ones. It is always essential that this 
action be coordinated by the control office as the net¬ 
works are now very complicated. Probably no better 
example of this could be cited than a situation which 
arose about a year ago on a network, the trunk circuit 
of which was routed from New York through Pitts¬ 
burgh, Akron, and Toledo to Chicago. There were 
branches at each of the points mentioned. On the 
particular day under consideration, a very severe storm 
was moving across Ohio into Pennsylvania. As is 
customary the New York control office was advised of 
the progress of the storm by the repeater and sub¬ 
control offices. Preparing for an emergency, a special 
circuit was set up from New York to Toledo through 
Buffalo and Cleveland. When the storm hit the line 



Fig. 4—Over-All Amplification of a Typical Repeater 
Office on a Program Transmission Circuit 

between New York and Pittsburgh in the Pennsylvania 
mountains the regular circuit began to fail and the one 
routed through Buffalo and Cleveland was placed into 
service. To care for the Pittsburgh and Akron radio 
stations, a branch of the network going south from 
Toledo was extended on'orders from New York, back 
east to Pittsburgh where it was connected to the section 
of the trunk circuit which was still intact between 
Pittsburgh and Toledo. The ever watchful observer 
at Toledo then found the program coming in satis¬ 
factorily on the trunk circuit from the east. Not 
knowing that this was the very same program that he 
was receiving over the emergency circuit from New 
York coming back to him after it had been sent south 
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from Toledo and to Pittsburgh, he advised the New 
York control office of the condition and asked if he 
should take the program from this source now that it 
was again O. K. Needless to say it was not done since 
the New York control office was in the fortunate pos¬ 
session of all of the facts. 

Another condition which requires careful coordina¬ 
tion on the part of the repeater and control offices is the 
practise of splitting a network at a specified time to 
provide for the transmission of one program to a certain 
group of the network radio stations while the remainder 
receive programs from a different source. These re- 



Fiu. 5 —Part or Equipment at New.York fob Program 
Tkanhmihkion 

arrangements may involve the creation of a new point 
as the temporary originating center, or switching a 
branch of a network feeding one or more stations from 
one network to another. Program orders are obtained 
daily from the broadcasting companies to cover the 
network set up required for each day's program and 
these orders are transmitted from New York to the 
area control office using telephone typewriters. The 
switches necessary for these rearrangements are then 
made under the directions of the area control offices. 
The flexibility of layout resulting from setting the 
network up in units simplifies the work involved in 
this splitting and rearranging of networks. It is, 
however, very necessary that the transmission levels 
on the networks be carefully watched so that the varia¬ 
tions introduced by switching may be negligible. 

In the installation of the equipment at repeater 
stations and distributing centers, care is taken to 
arrange the circuits so as to provide as great freedom 
from interruption as practicable and permit the quick 
rearrangements of circuits which may become necessary 
during emergencies. The repeaters and associated 
equipment are grouped together with the telegraph wire 
terminations and this unit is usually located in a separate 
room. An example of a part of the equipment arrange¬ 
ments at New York which is typical of the larger wire 
centers, is shown in Fig. 5. Fig. 6 shows a similar 


installation at Chicago. One of the features of this 
installation is a 17-line key switchboard which is used 
to care for the switching incidental to the rearrange¬ 
ments on networks entering Chicago. 

Consideration from an over-all standpoint is essential 
to the satisfactory performance of any large system. 
In the case of program networks, this requires among 
other things that care be taken in making the con¬ 
nections between network and the pick-up as well as 
the receiving radio station to see that adjustments are 
made to meet the particular conditions encountered so 
that the networks may be used to the best advantage. 
As has been pointed out in the foregoing it is important 
that the range of volumes in transmitted programs be 
held within proper limits. The range in volume is a 
function of adjustments made at the pick-up points 
but it is necessary to so adjust the network that at 
the maximum volume, interference will not be intro¬ 
duced into neighboring circuits and that duripg quiet 
intervals the program circuits will not be subject to an 
undue amount of noise or crosstalk from other circuits. 
This is usually accomplished by adjusting the amplifica¬ 
tion at the originating point to an average value which 
has been determined to be correct. 

Once having determined the proper set up for a net¬ 
work it is then necessary to obtain a sufficient number 
of checks upon the over-all performance to ascertain 



Fig. 0—Program Transmission Equipment in Chicago 

Office 

that the service is entirely" satisfactory. To assist 
in this there have been developed a number of indexes 
by which the program circuit performance is rated. 

The foregoing discussion has considered program 
transmission networks as they are today. At this time 
any attempt to predict the future course of develop¬ 
ment would probably require rather extensive recasting 
at some subsequent time. It seems fairly certain, 
however, that there will be continual improvements in 
the general broadcasting art and this factor is kept 
constantly in mind in the design of telephone circuits 
for program transmission in the future. 


















Traveling Waves Due to Lightning 

BY L. V. BEWLEY* 

Associate, A. I. E. E. 


Synopsis.—The purpose of this paper is to describe and analyze 
the origin and formation of traveling waves on a transmission line 
induced by lightning discharges, and to investigate their behavior 
at a transition point where there is an abrupt change of circuit 
constants. Some of the ground covered is necessarily old and well 
known, but has been included in the interests of completeness and 
continuity of treatment. The effect of the rate of cloud discharge 
and the initial distribution of bound charge on the shape and ampli¬ 


tudes of the traveling waves is brought out. General methods of 
analysis are formulated and illustrated by practical cases. The 
assumptions and approximations involved are discussed, and the 
probable direction of their deviation from fact indicated. Exact 
and approximate mathematical expressions are derived, and there¬ 
from graphical and tabular methods are outlined. For all of the 
examples given, line attenuation and distortion are neglected and 
only the first reflection from a transition point is considered. 


I. Introduction 

HIS paper, which deals particularly with the 
mathematical study of the formation and propa¬ 
gation of lightning waves on transmission lines, 
is part of an extensive investigation of lig htning which 
has been under way for a number of years under the 
general -direction of F. W. Peek, Jr. Other papers? of 
this series covering laboratory and field studies as well 
as the effect of lightning on apparatus have already been 
presented. 1 - 2 - 8 While this paper deals essentially with 
a mathematical analysis of the subject, it has been 
written in such a. way that it is not felt necessary for 
the reader to go into the mathematics to obtain a 
knowledge of the results. Such practical aspects as 
the effects of series induction coils, extra ground wires, 
etc., on transmission lines are analyzed mathematically 
and discussed. 

II. Origin op Traveling Waves Due to Lightning 
When a charged cloud approaches a transmission 
line, a charge of opposite sign leaks over the insulators 
and appears on the line as a bound charge fi-red in 
position by the electrostatic field of the cloud. The 
density cr of bound charge at any point x on the line is 
proportional to the height h of the line above ground 
and to the average gradient G between that point 
and ground, thus: 

a - bQ/bx = C f gds = ChG 

where 

C = capacitance per unit length at point x 
g = gradient along the tube of electrostatic flux 
through x 

ds = element along the tube of flux passing through x. 
Since the field of the cloud is not uniform, and since the 
line may sa g considerably at the middle of a span, it is 

•General Transformer Engineering Department, General 
Electric Company, Pittsfield, Mass. 

1. Lightning—Progress in Lightning Research in the Field and 
in the Laboratory, F. W. Peek, Jr., Quarterly Trans., Vol. 487, 
April, 1929, p. 436. 

2. Effect of Transient Voltages on Power Transformer Design, 

K. K. Palueff, A. I. E. E. Quarterly Trans., July 1929. 

3. Lightning Studies of Transformers by the Cathode Ray 
Oscillograph, F. F. Brand and K K. Palueff, A. I. E. E. Quarterly 
Trans., July, 1929. 
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evident that the bound charge will not be uniformly 
distributed, but may have a wide variety of shapes. 
The situation is shown in Fig. 1, where R is the resis¬ 
tance of the insulator string at the tower, and C h 
Gs, C 3 , represent the increasing capacitance of the line 
elements as the sag brings the conductors nearer to 
ground. The density of bound charge is shown by the 
cross-hatched area. However, the corresponding poten¬ 
tial distribution when this charge is instantaneously 
released is quite independent of the variation of capaci- 

,. T , 1 &Q 

tance, and is V = —^r =hG, thus fully deter- 

• mined by the field of the cloud. 



S’ 10 - 1—Distribution op Bound Charge 


Measurements by Peek indicate gradients of the 
order of 100 kv. per foot for heights above ground of 
the order of a transmission line. However, so far as 
the author knows, no data are available as to the 
intensification of the field (if it occurs) during the pre¬ 
liminary or incipient stages of a cloud discharge. 
Measurements taken on short antennas are not inform¬ 
ative. Some idea of the time required for a bound 
charge to form, may be obtained by calculating the 
time for a capacitance equal to that of one span of the 
• line to discharge to (l/e)th of its initial potential over a 
resistance equal to that of a single insulator. Taking 
C - 0.003 mf. and R = 1000 megohms, the time is 
t - RC = 3 seconds 

If the preliminary stages of a cloud discharge are 
completed within 100 microseconds or so, the time is 
not sufficient for additional bound charge to leak over 
the insulators. 

The measurements taken by Peek 1 on short antennas 
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indicate that the final release of the bound charge 
sometimes takes place in one or two microseconds. 
Probably much longer periods may occur, but as shown 
from the theoretical considerations discussed later, 
these slower rates of cloud discharge cannot give rise 
to excessive potentials. Physically, a finite rate of 
cloud discharge is equivalent to the release of the bound 
charge by small steps (see Fig. 2), which in the limit 
coincide with the smooth curve of cloud discharge rate. 
Each of these blocks forms in succession and immedi¬ 
ately begins to move away as a traveling wave. But 
if the time of release is slow enough, some of the blocks 



Fig. 2—Graphical Method for Determining Wave Shapes 


cloud fields in the vicinity of a discharge. However, 
even when such fields do not exist, the line losses soon 
dissipate the energy of the wave by corona and skin 
effect. Attempts have been made to formulate mathe¬ 
matically the transient skin effect, but so far as the 
author knows, nothing has been done in that direction 
for determining the effects of corona. Although an 
appendix has been attached to this paper in which the 
line constants R, L, C, G were assumed to be constant, 
it is fully realized that they vary over a great range. 
The resistance increases and the inductance decreases 
due to skin effect. The conductance increases and there 
is an effective cyclic increase in the capacitance due to 
corona. Some degree of approximation may be ob¬ 
tained by arbitrarily attributing different values to the 
line constants associated with each frequency com¬ 
ponent, or group of frequencies, in the solution obtained 
on the assumption of fixed constants. However, the 
work involved in summing the infinite series to a point 
of eonvergency, under such conditions, is prohibitive. 
There is this value in deriving such expressions,—they 
show by inspection that the effects of the line loss are 
to distort the wave shape, reduce the steepness of the 
front, and depress the crests. Therefore the worst 
possible conditions are realized by neglecting line 
losses. 


first formed have completely passed out from under 
the original distribution before all of the bound charge 
has been released, with the result that only part of the 
total number of blocks will overlap and add up by 
superposition. 

Experimental data on the functional rate of cloud 
discharge are not available. For a strictly mathe¬ 
matical study only the most simple expressions can 
be handled, but the graphical and tabular methods 
described elsewhere in this paper are applicable to any 
rate of cloud discharge which can be drawn as a curve 
on a piece of paper. The illustrations included are for 
exponential and straight line discharges. Judging 
from the meager number of cathode ray oscillograms 
of potentials induced on short antennas, and working 
backwards from those of traveling waves caused by 
lightning, it appears that a fair approximation express¬ 
ing the release of the bound charge is (1— e - °'). 
Very rough estimates of the circuit constants of a 
lightning bolt, also suggest this equation as a possi¬ 
bility. The influence of the function F (t), expressing 
the law of release of the bound charge, on the shape of 
the resulting traveling waves is shown in Fig. 3. If 
f(x) represents the distribution of bound charge, then 
the curves A, B, C represent the shape of the traveling 
waves corresponding to the cloud discharging in the 
same time t, but according to different laws a, b, e. 

Neither the shape nor amplitude of a traveling wave 
is preserved as it moves along the line. This attenua¬ 
tion and distortion may be due in part to the appro¬ 
priation of a charge from the traveling waves by other 



Pig. 3—Effect of the Law of Discharge on the Shape of 
Traveling Waves 

For these reasons the attenuation and distortion of 
traveling waves have been neglected in this paper. 
Nor was it considered advisable to consider a multi¬ 
plicity of reflections at a transition point of the circuit, 
since each successive reflection is rapidly reduced in 
severity. 

The graphical method, Fig. 2, for obtaining the shape 
of traveling waves from the curves of bound charge 
release and initial distribution, and the corresponding 
tabular method, Fig. 4, are described following Equa¬ 
tion ( 25 ). These methods neglect the line losses, but 
are otherwise arbitrarily as accurate as desired. 
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The crest values, shapes, and lengths of traveling 
waves depend upon the initial distribution of bound 
charge, but to an even greater extent on the rate of 
cloud discharge. Fig. 5 shows a set of traveling waves 
developed from rectangular distributions of bound 
charge of 1000-, 2000-, 3000-, and 4000-ft. lengths, and 
released accordingto the law (1 - e ~ al ); so that the cloud 


bound charge represents the storage of a definite amount 
of energy, and 25 per cent of this energy must appear 
in the completely developed traveling potential wave, 
25 per cent in the companion current wave, and the 
other 50 per cent in the pair of potential and current 
waves moving in the opposite direction. Thus a 
decrease in crest values must be compensated for by 
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Pig. 4—Tabular Method for Determining Wave Shapes 


Instantaneous Discharge 
0-6-“') 






Pig. 5—Traveling Waves from Rectangular Distribution 
of Bound Charge 


discharge was 95 per cent completed in 1, 2, 3, and 4 
microseconds. The slower -the rate of discharge the 
lower the crests and the longer the wave. This is a 
necessary consequence of the fact that all waves origi¬ 
nating from a given bound charge must contain exactly 
the same energy (neglecting line losses) regardless of 
the rate at which that charge is released. The original 
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Fig. 6—Influence of the Rate of Discharge and Length 
of Charge on the Voltage Crests 


an increase of length. The length of the wave expressed 
in microseconds (one microsecond being equal to 1000 
ft. of wave travel) is roughly equal to that of the bound 
charge plus the number of microseconds required for 
the cloud discharge. The steepness of the wave front 
is greater, the faster the rate of discharge. 

When the length of a rectangular bound charge (in 
microseconds) is longer than the period of' discharge, 
the crests of the traveling waves reach a value equal 





Pig. 7—Influence of the Rate of Discharge and Length 
of Charge on the Voltage Crests 


to (1/2 G h ). The maximum potential on the line may 
reach a value of (G h) due to the superposition of the 
two traveling waves. However, in general these crest 
values depend on the bound charge distribution and 
the rate of its release. They are: 1 * 4 

Crest of traveling wave = a' G h 
Maximum potential = a G h 

4. “Lightning,” P. W. Peek, Jr., Franklin Inst. Jfl., Feb. 1925. 
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The factors a and a.' corresponding to rectangular 
distributions and exponential release, are shown in 
Fig. 6. It will be noticed that 100 per cent potential 
(a = 1.0, a' = 0.5) occurs only for an instantaneous 
discharge, or for very long clouds, and falls off rapidly 
as the time of release is increased, or the length of the 
cloud shortened. An interesting point is that ulti¬ 
mately the maximum potential and the crest of the 
traveling wave have the same value. Fig. 7 is a simi¬ 
lar set of curves for a bound charge distributed as one 


was a more influential factor in determining wave shape 
than the initial distribution of bound charge. 

Fig. 11 shows the formation of traveling waves at 
different stages of their development. This particular 
set originated from the 2000-ft. peaked bound, charge 
distribution of Fig. 10, released in one microsecond. 
During the first half microsecond or so, the traveling 
waves have not fully formed, but are moving out and 
spreading apart at the same time that they increase in 



Fici. K—Wave Shapes Derived from Rectangular Bound 
Charge Released at Different Rates 



Fig. 9—Wave Shapes Derived from Peaked Bound Charge 
Released at Different Rates 


loop of 1/2 (1 — cos 6). The values of a and a' are 
somewhat lower, but exhibit the same tendencies. 

Figs. 8 and 9 show the actual wave shapes, and the 
maximum potential at any instant after the beginning 
of discharge for a given bound charge released at 
different rates. While the bound charge distributions 
in these two figures are quite different, there is a 
remarkable similarity between the traveling waves 
which they cause. These traveling waves have been 
superimposed in Fig. 10. It is this similarity which 
led the author to state that the rate of cloud discharge 



Fig. 10—Similarity of Wave Shapes from Different 
Distributions of Bound Charge 


magnitude. Eventually, however, the moving wave 
rests can be distinguished as they separate out and 
acquire identity. It is because of this simultaneous 
growth and separation, that the maximum potential is 
less than twice that of the traveling wave crests, and 
it is because of the spreading action that the crests are 
always less than they would be for an instantaneous 
cloud discharge. 

The mathematical work associated with the foregoing 
is given in the following section and in the Appendix 
of this paper. 



Fig. 11—Formation of Traveling Waves 


III. Mathematical Analysis 
General. The differential equations for the potential 
and current at an unconstrained point on a transmission 
line are 

= (G + Cp)e = Ye (1) 

= (R+Lp)i = Zi (2) 

where p = 2>/d t. Eliminating i between these two 
simultaneous differential equations, there is 
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R G j 
+ | « 

i = Y f e d x = (0 + C p) f e d x 


m a:, 

e — e* vYv j , (;) + e -.vvzT'/ a ( t) 


(t — V C L x) — VCL X 2 for the forward wave 1 .... 
(( + V C L i) = VCLXy for the reverse wave / ' 


(3) 

d x 

+ 1 

(4) 

equation 

v = Tt 

d x 

VCL 

- 1 

(5) 

v = dt 

“ VCL 


l^Yfedx = yj ~~~ J e'V/r 


| e * i/xr ft (0 - 


where /i (0 and /•» (t) are integration constants with 
respect to x only, and therefore possible functions of t. 
Equations (5) and (6) are general operational solutions 
to (1) and (2), but in this form are not readily evaluated 
because of the radical VZY. However, as special 
cases 


VZY « VCL 

'j pl + (-T 


'J * + ( T~ + 1 

= VCL (p + 


) r+ i 

r l c 

r-) if RC = GL 


VZY = VCL pit R = G = 0 (8) 

If the conditions of Equation (7) obtain, the line is said 
to be distortionless, and admits of easy solution. If 
conditions (8) hold, the line is .called a No-loss line, and 
is easily solved. By Taylor’s theorem, there is the 
operational equivalent 

/(* + »)-/(*) + <*/' «) + j^> (0 + . . . . 

= (l + op + pgP 2 + • • • •)/(<) = «**/ (0 (9) 

Hereby, for the special case of a distortionless line, (5) 
and (6) become 

c = e /1 (t + VCLx) + e V f-i (t —VCLx) 


for the reverse wave 


Thus each wave has the same velocity v = 1 /V~C~L. 
For parallel wires in air whose distance apart is large 
compared to their radii, this velocity is practically that 
of light, or 186,000 mi. per second. This is roughly 
1000 ft. per microsecond. It is evident from (10) 
and (11) that the following relationships exist between 
corresponding potential and current waves: 

ei = V L /C ii or i, — VC/Lej for reverse waves 1 
«2 = — VL/C it or ii = — VC/L e 2 for forward waves / 

_ # (14) 

The quantity VL/C is ca lled the surge impedance of 
the line. Its reciprocal VC/L is the surge admittance. 
They are measured directly in ohms and mhos respec¬ 
tively. The per-unit-length factor does not enter into 
their description. 

Using (12) for a transformation of coordinates, 
Equations (10) and (11) become 

« - € L I « L Vl (x-Vt) + € VCL L X '~MX-Vt) 


= e L { f 3 (x + v t) + /,(*- 0 <) } (15) 

_ R 

1 c —* 

i =-\J —e L lf.i (X + vt) -ft] (x- vt) } (16) 

The energy content of a corresponding pair of potential 
and current waves is, using (14), 


L 


_ R 

V CL - --- 

e L fi (t + V C L x) 


R 

- V CL - X _ 

- € '• fi(t- VCLx) 


Thus the potential and current distributions are prop¬ 
agated as traveling waves, and each may consist of 
a forward wave /■< moving in the direction of positive 
x, and a reverse wave ft moving in the direction of 
negative x. Corresponding values of x and t which 
define the same point on the waves are given by 


W = W e + W{ = ~ 2 ~ ^ e i d x + —g— i 2 d x 
C C L C C 

-tJ e * dx + ~r J — 

- C j e*dx = L j Vdx = V~LC jeidx(17) 

Or if preferable to integrate with respect to t 

W=J eidt=yj-j-J e 2 dt=yj^-J Pdt ( 18 ) 

Equations (17) and (18) are continuations of each other 
through the relationship dt - VC~L d x from (13). 
These equations show that the total energy of a pair 
of traveling waves is divided equally between the 
electrostatic and magnetic fields. They are useful 
expressions for checking purposes. 
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The equations for the No-loss line are obtained from 
those derived above for the distortionless line, by mak¬ 
ing R = 0, thus causing the decrement factors to 
disappear. In what follows, the losses will be neglected. 

Traveling Waves Induced by Lightning. Suppose that 
the bound charge is distributed as 2 Cf (x), and that 
the cloud discharges instantaneously. This is equiva¬ 
lent to suddenly impressing on the line a potential 
2/ (a:) at the instant t = 0. The current at this first 
instant is zero. It then follows by Equations (15) 
and (16) that 

• {/»(*)-/«(*) } =0 (19) 

«-{/.(*)+/*(*)} - 2/(*) (20) 
Therefore / 3 ( x) = /, (x) = / ( x ) (21) 

Thus the sudden release of a bound charge distributed 
as 2 Cf(x) initiates a pair of exactly similar forward 
and reverse traveling waves having the same shape, 
but one-half the amplitude, of the potential correspond¬ 
ing to the fixed distribution of bound charge. The 
equations for the traveling waves under the conditions 
of instantaneous cloud discharge, and up until the 
instant when a transition point is reached, are therefore 

e = f (x + vt) + f(x-vt) (22) 

i = yj-j- {f(x + vt) -f(x-vt) } (23) 

However, the bound charge is not released instantane¬ 
ously but over a finite time, according to the rate of 
cloud discharge. Moreover, while it is probable that 
all parts of the electrostatic field do not collapse pro¬ 
portionately, it will be assumed that such is the case 
in the following treatment. When more reliable 
experimental data are available, as to the actual 
process of a cloud discharge, it will be appropriate 
to make the necessary change in the mathematical 
analysis to take care of the way in which the field 
■collapses. As a matter of fact, such a generalization 
is given in Equation (41) of Appendix I. 

If the solution to the differential equations ^ (p) 
specifying the behavior of a conservative system is 
given by <j> (<) when the impressed force is Heaviside’s 
unit function 1, then the solution corresponding to 
any impressed force F (t) is given by Duhamel’s theorem 
(also called the Boltzman-Hopkinson principle of 
superposition). It is 

n 2>f(r) 7 

nj/(p) .F (<) = <t> (0 F (o) + | <t> (t - r) -^r d T 

0 

(24) 

where <£ (0 = t (P) 1 

For a derivation and discussion of this equation, as 
well as of five other equivalent expressions obtained 
by various transformations, see “Electric Circuit 


Theory,” by J. R. Carson. Applying (24) to (22) 
there results 

r bF(r) 

e= j \f\x + v(t- T)]+f[x-v(t- r)]} dr 

0 

n 

= lim {f[x + v(n— k) At] + f [x — v(n — k) A t\ } 
a<>o 

K- 0 

{F\(k + 1) . At]- F[k. At]] (25) 

Where n . At = t, k . At = r, and F ( t ) is the time 
function by which the bound charge is released. 

The application of the integral in Equation (25) is 
limited to analytic expressions for / and F, whose 
integrals in the above combinations are known. But 
the summation, the limiting case of which is the exact 
solution, is immediately applicable to any functions 
f and F whose graphs are known or assumed. Ulti¬ 
mately, since both of these functions must be found 
from experimental data, it is advisable to deal directly 
with the finite summation as an approximation of 
arbitrary exactness. From it, both graphical and 
tabular methods can be developed. As a simple and 
obvious example of the graphical method, refer to Fig. 
2, in which the bound charge initially has a rectangular 
distribution, and is released according to the law F (t).. 
Divide the base of F (t) into equal time increments 
At and the base of 2/ (x) into corresponding equal 
space increments Ax = v At. For ordinary purposes, 
when dealing with parallel wires in air, the space and 
time increments may be taken as equal, if time is 
measured in microseconds and distance in thousands 
of feet. At the end of n = 3 time increments, one- 
half of block No. 1 has formed and moved to the right 
a distance 3 A t and the other half to the left a distance 
3 At Block No. 2 has moved to the right and left a 
distance 2 At, and block No. 3 a distance 1 At Block 
No. 4 has just started to form and move out. Only 
the half blocks which have moved to the right are 
shown in the figure. It is advisable to subdivide the 
increments At for the larger steps, as indicated for 
block No. 1. The traveling component is found by 
drawing a curve through the feet of the rectangular 
blocks of which it is composed. The forward and 
reverse traveling waves at n — 3 are shown as heavily 
drawn full and dashed lines respectively. Their 
instantaneous resultant has been plotting upside down 
to avoid interference. This graphical method is very 
awkward when applied to other than rectangular bound 
charges. A tabular method, shown in Fig. 4, has been 
devised as a substitute applicable to complicated 
bound charges. The schedule is carried through for 
only one of the pair of traveling waves. The resultant 
is found by superimposing two such waves displaced 
by 2 n A x. For periods of time in excess of that 
required for the cloud to completely discharge, the 
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traveling waves are fully formed, and thereafter may 
be moved out as rigid distributions. Formations and 
waves determined by these graphical and tabular 
methods have been described in the first part of this 
paper. 

Empirical Equation for Approximate Wave Shape. 
The combined influence, of the initial distribution of 
bound charge and the rate of cloud discharge, imparts 
to the traveling waves a characteristic shape. The 
shapes obtained by the previous analysis check those 
which have been measured in the field and in the 
laboratory. An empirical equation which represents 
this characteristic shape quite accurately, and at the 
same time is remarkably simple for analytic purposes, 
is given by 

e = E (e -oX — e -6X ) for* > 0. (26) 

As special cases of this equation there are the various 
wave shapes illustrated in Fig. 12. Still greater variety 
of form may be obtained by using 

e = Ei e" aX - Ei e~ 4x (27) 



Fig. 12—Empirical Wave Shapes 
Given by e * E (e~*l — *-bi) 


but for the purposes of this paper only (26) will be 
applied. The three parameters E, a, b, are sufficient 
to determine uniquely the crest, wave length, and front 
of the wave. The parameters a and b may be real, 
imaginary, or complex. The crest, or maximum value 
of e, occurs when 

-ff .0.-. s - + (s -* 


hence at that value of t for which 

, , log 6/a 

5 s tl = r - 

6— a 


The instant t = U at which the wave has (100 p) 
per cent of e is found from the equation 

e = p e max = E (e~ ah - e~ bh ) 

Hence the crest, wave length, and front of the wave are 
determined by the three simultaneous equations 


*i = 


log b/a 


6 — o 


&maz 
V Gmaz 


= F( 


- —ah _ -bh 


‘) 


= E (€""*- e~ u> 


') 


(28) 


where (e mat , p, t\, t 2 ) are specified and (a, b, E) are to be 


solved for. Practically, since (28) is in transcendental 
form, it is easier to plot a family of curves directly 
from (26) and to choose the nearest approximation to 
the desired wave shape by inspection. 

Behavior of a Traveling Wave at a Transition Point. 
When a traveling wave reaches a transition point at 
which there is an abrupt change of circuit constants, 
as an open or short-circuited terminal, or a junction 
with another line, etc., a part of the wave is reflected 
back, and a part may pass on to other sections of the 
circuit. The impinging wave is called an incident 
wave, and the two waves to which it gives rise at a 
transition point are called the reflected and transmitted 
waves respectively. Such waves are formed at the' 
transition point in accordance with Kirehhoff’s Laws. 
They satisfy the differential equations of the trans¬ 
mission line, and are consistent with the principle of 
the Conservation of Energy. 

Suppose that the line is closed at the transition point 
by a general impedance consisting of any arrangement 
of inductances, resistances, capacitances, and other 
lines. Let the operational equation specifying this 
general impedance be written as Z B (p). Let the 
transition point be taken as the origin of coordinates, 
and distance along the line away from the point be 
counted as positive, so that an approaching wave is 
traveling in the negative direction. By Equation (14) 
the potential and current incident waves will then have 
the same sign. Denote the incident waves by (e) 
and (i), the reflected waves by (e') amd (i'), and the 
transmitted waves, if they exist, by (e") and {i"). Then 
the total potential at the transition point is, usin g (14), 

e« = e + e’ = (i + i') Z 0 (p) = (e - e 1 ) Y Z B (p) (29) 
where Y = 1/Z = V C/L — surge admittance. 
Solving this equation for e' there is 

Z 0 (p) - Z 

6 = Z 0 (p) + Z e ~ reflecte d potential wave (30) 


The total resultant wave at the transition point is the 
sum of the incident and reflected waves, 


e B — e e' 


2 Z 0 (p) 

Z a (p) +Z 


i -< + «>-r ( .-.T--- Zt J +z « pi) 

In general, Z B (p) may consist of any number of 
branches in parallel. If one of these branches consists 
of another line of surge impedance Z 2 connected through 
a concentrated impedance network Z m (p), then the 
potential wave transmitted through this impedance to 
the line is 


e 0 - Z m (p) i" = e 0 - Z m (p) 


ep 

Zm (P) + Zt 
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_ _ _ \ 

X(p)+z, J e “ 


e" = E[ 


30.0 

29.9 


30.0 

29.8 


+ 


.1 X 30 
29.9X29.8' 


-30 X10<tt 


] 



/ 2 (p) \ 

V z. tl (p) + z,) 

\ Zb {p)+z r 


(32) 


Thus if e is known at the transition point as a function 
of time, then e n , e', and e" are determined by solving the 
above differential equations. In particular, if e is a 
rectangular wave with an infinite tail, it may be taken 
as Heaviside’s unit function 1, and the solution obtained 
by means of the expansion formula. The solution for 
a finite wave of any shape is then found from Duhamel’s 
theorem, Equation (24). 

The application of these general relationships are 
illustrated in this paper for the wave of Equation (26), 
with the parameters adjusted to give both a rectangular 
wave with an infinite tail, and a characteristic lightning 
wave having a 7-microsecond front and a 13-miero- 
second tail. The differences in behavior of these two 
waves is sometimes quite striking, and conclusions 
based on one of them are not always generally applicable 
to the other. Only two cases will be worked out here 
in detail. But exactly the same procedure has been 
followed in deriving all of the results. 

/. Two Lines Connected by an Inductance (Fig. 22). 
Z i ~ 1/Y, = surge impedance of line No. 1 
Z~ 1/Y, * surge impedance of line No. 2 

L» connecting inductance 
Z m (p) — Lo p 

Zb (p) - Z« + Lb V and let 
cx = iZ\ — Z«)/Lb 
ft (Z i + Z%)/Lb 

Then by Equation (30) the reflected potential wave is 
t Zb ip) — Z\ Du p) ~ Z i _ P ~ a 

' Zb ip) + Zi e (Z-I + LbP) +'Zt p ft 


If c is a rectangular wave with an infinite tail, the 
solution by the expansion theorem is 



and by Equation (24), if e - E (e~ al — e w ) 


e' 


r r « + h 

E l a - ft b-ft 


,-w 


(a + ft) (a - b) 

+ (a-ft) (b-ft) e J 


From Equation (32) 

e” = e„ - Z m (p) i" - e« - Z m ip) Y. (e - e') 



a~jft 
a - ft 


a - ft _ M (a - b) (a - ft) 
b - ft 6 + (a- ft) (b- ft) 



If a + ft, e" > 0 and there is no transmitted wave. 
Taking Z, - Z* « 500 ohms and L 0 = 0.000033 henry, 
there results for the 20-microsecond wave 
a « 0, ft - 30 X 10 s , a = .1 X 10 6 , b = .2 X 10“ and 


ZEie~ al - e~ H ) = e 

Thus such a small series inductance is entirely ineffec¬ 
tive except for very short waves. The entire incident 
wave is transmitted with negligible change of shape. 

2. Impedance Network of Fig. 25. The variations 
shown in (a), (6), (c), and (d) of Fig. 25 are in fact 
mutually convertible combinations, and therefore, 
under the conditions of a proper interpretation, the 
same equations apply to each. Moreover, by letting 
the different constants become infinite or vanish as 
required, this single set-up contains 24 special cases, of 
which the majority are described and illustrated in this 
paper. 

Since the surge impedance of a connected line, as 
Z-i, enters in the generalized impedance Z 0 (p)in exactly 
the same way as a resistance to ground R*, it is evident 
that Fig. 25 b is the analytic equivalent of Fig. 25 a, 
so that the same equations apply to each when Ri and 
Z-i are exchanged. In Fig. 25c the grounding resistance 
R« = 0, and Rb has been expressed as the resultant of 
two resistances R' and R" in parallel. But now again, 
the form of the generalized impedance is not altered 
if R" be replaced by the surge impedance Z" = R" of 
an outgoing line. Fig. 25 d then follows as a natural 
consequence. 

While this equivalence is quite interesting and allows 
many combinations to be expressed by a single general 
equation, yet under many conditions it is quicker, and 
there is less chance for error, if the result is derived 
directly from the differential equations of the particu¬ 
lar ease. In performing a reduction from the general 
equation applying to Fig. 25, great care must be taken 
in evaluating the indeterminates which appear for 
limiting values (zero or infinity) of the constants, and 
in transforming functions of imaginary variables to 
function of real variables, etc. 

Referring to Fig. 25 a, there is 

Zb ip) = z 2 -b Z m ( P) - Z 2 + Bfl + I/o35+ fi 0 L 0 Co 2 > 4 

Zb ip) — Zi . Zj - Zi / E 2 + 2 a p ± coo* \ 
e> ~ Zoip) +Zi~ Z i + Z 1 \p i + 2ftp + wo 2 / 

where a y iZ 2 — Z\ -f Rb)/{Z 2 — Zi) 
ft = y iZ 2 + Z\ + R 0 )/iZ 2 + Zi) 

7 = 1/2 Rb Co 
coo 2 = 1/Lo Co 

03 s = too 2 “ ft 2 

when e = 1, the solution by the expansion formula is 

} if e “ L 

If the incident wave is given by 
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e = E (e~ a ‘ — e - '"), then by Equation (24) 

r _ ~ -[l 771 1 gi ~ 2ftg + “O* * -o< 

e = Zj+ 2 i I a 4 - 2 ap + € 


b 2 — 2 6 a + co 0 2 
6 /8 + coo 2 ^ 




+ 


a) 


03 — O') € 


-/K 


r I _ <»* 

L \ a 2 - 2 aj 8 + «„ 2 


I V 

V 6 2 — 2 & /3 + a> 0 2 


sin (co f — 0 ]) 


sin (art — 



where <f>i = tan -1 ( ) anc * = tan 1 ( b — p) 

The differential equation for the coiresponding 
transmitted wave by Equation (32) is 



Uni Short Circuited 1 "Une'ciosed by R o = Z Une Open Ctarttod 



Figs. 13 to 24 inclusive illustrate in a general sort 
of way the variation in the shape of the reflected and 
transmitted waves caused by different circuit conditions 



Fig. 14—Line Closed hy'an Inductance L v 

e = R — t~bt) 

2 a (a - h) 


, _ T « + ol . (> + a 

e = E e~ al — —;- e - ^ -f - 

L a — a. b - a T 


(a - a) (b - «) 


Z a Surge Impedance of (he line 

X C ° a*i/zc 0 


Fig. 13—Line Closed by a Resistance Rq 

2 i? 0 


e = f (t) e* 


( Bo -Z \ 

\ Ho + £ / 


■ e +«' 


/ 2 JZp \ 

” \ *n + Z ) 


, / Zt \( 2Zo(p1 \ 

! - \ Z m (p) +Z 2 )\ Za (p) + ^» / 

2 ^2 


Zo (p) + Za 


2 Zi l P 2 + 2 -Y P + too 2 \ 
= 2 s +2i\p 2 + 2|3p+ wo 2 / 


This differential equation has the same form as that 
for e', except that in the outside multiplier (2 Z 2 ) has 
replaced (Za — Z i), and 7 has replaced a. The solu¬ 
tion, by comparison with that for e', therefore is 


2 Z, 


E 


Za Z\ 

6 2 — 2 6 7 + cop 2 
& 2 - 2 b p + w „ 2 


o 2 - 2 a 7 + ^q 2 _«/ 

a 2 — 2 a p + Wo 2 


€- w +— 05- 7)«“* 

CO 


r J -——:-sin (a> t — 00 

L v a? — 2 ap + w 0 2 

— J - h -sin (cat — <f>a) J 

M & 2 -2fc/3 + wo 2 J 



Fig. 15—Line Closed by a Capacitance Co 
e = £ (e~0* - €-fo) 


at the transition point. Each figure shows a sketch 
of the circuit under consideration, defines the variable 
parameters, and indicates the range in shape of the 
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reflected and transmitted waves corresponding to 
both an infinite rectangular incident wave and a charac¬ 
teristic 20-microsecond incident wave. The equations 
of the incident, reflected, and transmitted waves are 
given below each figure as e, e', and e" respectively. 
While these cases are fairly self-explanatory, a few 
pertinent remarks about each are given below. 

Fig. IS. Line Closed by a Resistance R 0 . When an 
incident wave of any shape strikes the end of a line 
of surge impedance Z closed by a pure resistance, a 
reflected wave of exactly the same shape will start back 
on the line. But this reflected wave changes sign as 
the ratio R n /Z passes through the critical value Ro/Z 
= 1. If R n = 0, the line is short-circuited and the 
reflection is of the same size as the incident wave, but 
reversed in sign. At Ra = Z there is no reflection, and 
the energy of the incident wave is entirely consumed in 



the resistance. At Ro/Z = » the line approaches the 
open circuit condition, and the reflection is of the same 
size and sign as the incident wave. These three limit¬ 
ing conditions are illustrated in the sketch. The curves 
show the way in which the reflected voltage e', the 
total voltage e a , and the energy content W' of the 
reflected wave vary with the ratio. Ro/Z. 

Fig. H- Line Closed by an Inductance Lo. As Lo 
passes through the intermediate values between zero 
and infinity, the reflected waves are first elongated, and 
then contracted. Each reflected wave changes sign 
as it develops. Except for an infinite value of Lo, the 
total voltage e 0 at the transition point is never double 
for a finite incident wave. 

Fig. IS. Line Closed by a Capacitance Co- The 
form of the equations is the same as for the case of 
the inductance given above, but the sign is reversed. 

A capacitance acts as a short-circuit at the first 
instant. 

Fig. 16. Line Closed by Ro and Lo in Parallel. While 


it is impossible by such a combination to completely 
dissipate the incident wave, yet for values of R 0 of the 
order of the line surge impedance Z, the reflected wave 
is considerably reduced in value and spread out. 

Fig. 17. Line Closed by Ro and Co in Parallel. The 
reflections have the same characteristics as for Fig. 
15 but the amplitudes have been reduced by the 
resistance. 



Pig. 17—Line Closed by Bo and C 0 in Parallel 


« - n («-o< - e-i>0 



Fig. 18—Line Closed by U and Co in Parallel 


e = E («-«< - <-*>') 



Fig. 18. Line Closed by L 0 and C 0 in Parallel. There 
is an oscillation in the reflected waves, caused by the 
oscillatory circuit. By such an arrangement the 
reflected wave may be either compressed or lengthened 
out. The development of the wave front in the 
reflected wave may be made to lag behind several 
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microseconds,—approximately 6 microseconds in the 
example shown by the last wave in the figure. 

Fig. 19. Junction of Two Lines. When the inci¬ 
dent wave reaches the junction, a part is refleeted hack 
and a part passes on to the other line. The relative 
division depends on the ratio of the surge impedances 
of the two lines. The waves shown are drawn on a 
time axis. If drawn on a distance axis the transmitted 
waves will be contracted in the ratio of the velocities 


Z i« Surge Impedance of Una No. I 
Zj=* Surge Impedance of Line No.2 
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of propagation of the two lines, as shown in the next 
figure. While this case has been illustrated with partic¬ 
ular waves, yet incident waves of any form are reflected 
from and transmitted across a junction between two 
lines, without change of shape. 

Fig. 20. Junction of “N” Lines. Incident waves of 
any shape are reflected and transmitted at the junction 
without change of shape. Incident, reflected, and 
transmitted waves have the same length on a time axis, 


b ut are co ntracted on a distance axis in the ratio 
V Ci Li: V Ct Lo. This contraction is illustrated for 
rectangular waves, but applies to waves of all shapes. 

Fig. 21. Two Lines Connected by a Resistor R ;t . As 
in the previous two cases there is no distortion of wave 
shape due to impact, but the resistor consumes part 
of the energy. By making (R u = Z y — Z») it is possible 
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Fig. 21— Two Lines Connected by a Kehjstoh 
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Fig. 22— Two Lines Connected by an Inductance Li. 
6* = n - e-ty 
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to wipe out the reflected waves. These curves show 
how the waves and their energy content vary with 
Ra, Z 1 , and Z%. 

Fig. 22. Two Lines Connected by an Inductance L n . 
The reflected wave exhibits the same characteristic as 
in the ease of Fig. 14. If L 0 is large enough, .the major 
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portion of the incident wave can be reflected back, and 
only a small transmitted wave passed through. 

Fig. 23. Two Lines with Shunt Inductance at their 
Junction. The equations and curves for the incident 



equations and curves for the incident and reflected 
waves of this case hold identically, when Z t is replaced 
by Ro, to ground. 
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Appendix 

Formation of traveling waves when R, L, G, and C, 
are all included. The release of a bound charge 
on a transmission line initiates potential and current 
waves whose shape and behavior are independent of 
the terminal conditions at the end of the line, up until 
the time when the advancing wave fronts have reached 
those ends. However, the form of the equations 
expressing these waves must take cognizance of the 
terminal conditions if they are to remain valid over all 
time. They will therefore be the more complicated, 
the greater the complexity of the terminal conditions. 


Fig. 23—Two Lines with Shunt Inductance at Their 

Junction 



Fig. 24— Two Lines with Shunt Capacitance at Their 

Junction 
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and reflected waves of this case hold identically, when 
Zi is replaced by Ro, to ground. 

Fig. 2U- Two Lines with Shunt Capacitance at their 
Junction. The effect of a capacitance in shunt is 
similar to that of an inductance in series, Fig. 22. The 
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Fig. 25 —Mutually Convertible Networks 


Therefore if the purpose of an analysis is merely to 
study the effects on wave shape of the rate of release 
and initial distribution of a bound charge, it is advisable 
in the interests of mathematical simplicity to arbitrarily 
choose such terminal conditions as will lead to the 
most easily handled equations, for regardless of terminal 
conditions the functions have identical graphs over the 
time period required for the waves to reach a transition 
point. Accordingly, for the purposes of this Appendix 
the line will be considered as short-circuited at each end. 

While any mathematical analysis must almost neces¬ 
sarily regard the line constants as the same for all 
waves, yet these “constants” vary over a wide range 
depending on the amplitudes and shapes of the traveling 
waves, the resistance and inductance due to skin effect, 
and the capacitance and shunt conductance due to 
corona. The equations derived in this Appendix are 
based on the assumption that the resistance, shunt 
conductance, inductance, and capacitance per unit 
length are perfectly constant. In the final solution, 
which is an infinite series, it may be feasible to segregate 
out from the series certain groups of terms and to apply 
different values of the line parameters to each of these 
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separate groups. As an approximation, such a pro¬ 
cedure is justifiable only when it can be shown that 
the line constants are primarily functions of "the fre¬ 
quency or other parameter with respect to which a 
segregation has been made. The principal value in 
deriving equations with the loss factors R and G in¬ 
cluded, is to be able to notice by inspection of the equa¬ 
tions, the direction of their influence on wave shape. 

Consider the point charge Q of Fig. 26 suddenly 
placed at a point x on the transmission line of length l, 
short-circuited at its ends. The fact that Q is suddenly 
released may be expressed by Heaviside's unit function 
Q 1. Let that part of the line to the right of x be 
designated as Line 1 and that to the left as Lane 2. 
Subscript all associated symbols to correspond. Then 
the solution to Equation (3), consistent with these 
conditions is 5 

Slnh>l g-ri-y-PQl (33) 


v tf - x) . h 

smh n l 


ny 


n 


pQ l 


(34) 


where n 2 = Z Y = (R + p L) (G + p C) 

Solving (33) and (34) by a direct application of the 
expansion formula, there is 


121 


i 

Une No. 2 | Line No. I 
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77777 

\ 
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Fig., 26— Point Charge Suddenly Placed on a Line 


y, = y 2 = q0 ( t ) = 


^ sin ~i' X ' sin - * y - ^ cos fit -sin (3 (36) 

where 

« = -~ 2 ~ ( —q —h ~~jj~ ) = attenuation factor (37) 
7 = g ( ~c -J - ) = distortion factor (38) 


S 2 IT ' 

P - yl — 7 2 = wave length factor (39) 

Suppose that the charge Q instead of being a point 
charge suddenly applied, is distributed along a section 
of the line and is applied gradually over a period of 
time. The charge on the line is then distributed as a 
space and time function Q (x, t). The amount of 
charge on the line element d x is Q (x, t) d x. By 

5. “Heaviside’s Operational Calculus as Applied to Engi¬ 
neering and Physios,” by E. J. Berg, Equations (99) and (100), 
General Electric Rev., July 1928, Vol. 31, No. 7. 


Duhamel’s theorem. Equation (24), the voltage due to 
this point charge Q (x, t) dx is 


dV = 


t 

Q(o, x ). <t>(t) + J<p(t r). - d t 


0 

The voltage due to the total space distribution is 


| dx 

(40) 


V 


x) 4> (t) dx 


i 

= jQ(o, 

0 

l t 

+ JJWr) - drdx. 


(41) 


If Q (x, t) is due to the release of a bound charge by the 
discharge of a cloud, a finite time is required for 
Q (x, t ) to appear. Therefore Q (o, x) = 0. Substi¬ 
tuting (36) in (41) 


00 



S- 1 



S 7T X 

l 


l 

J* f-a(i-T) [cos/3«- r)— — sin 0(1— ~ d r dx 

o 

(42) 

This equation is general, in that the bound charge at 
different points along its distribution may be released 
at different rates. 

Suppose that all parts of the bound charge are re¬ 
leased at the same rate, proportioned to the function 
F (<). Then 

Q(x,t) = Q.f(x).F(t) (43) 

Under this condition, Equation (42) becomes 


00 



A=1 


l 

J* / (*) sin 
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S TTX 

l 


d x 


t 

^ e -«('—*■)£ cos j 8 (t- t) — -j sin 0 (t — r) ] d r 

0 

(44) 

As an example take 

( (*) = ~2 [ 1 + cos ( J ~ x ) J 

f°r (i~ b ) - x ^ (j+ b ) ( 4S ) 

F (t) = (1- e-f) (46) 

These functions are shown in Fig. 7. Substituting 
(45) and (46) in (44) and performing the integrations, 
these results 
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Substituting (48) in the differential equation of the 
transmission line, there is, after simplification 


s ir y 
i 1 

r 7T 2 

-p-sm 
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.sin 

S 7T 
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(47) 


(a — a + y) 0 

Let the line be measured in units of length such that 
6 = 1. Replace ybjy = ( 1/2 db 2 ), that is, measure 
distance from the center of the disturbance. Combine 
the trigonometric functions of space and time angles. 
After simplifying and rearranging the equations there is 
/ . sir \ 

a V sin ~ ) 


[££■ + RG—a (RC + GL) — a?LC ] 


— TT 2 


„ s ir . sir 
7r 2 siri'-g- sm —y 
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where 
C (s, k) = 


- C (s, k) < — e ~ at cos 8 z 


c —a/ 


H—g - [ S (Xi) + S (X-) ] 
ir 2 sin 0 k 2 


0 (0 2 - ir 2 ) /t 2 + 0 2 


= convesgency factor 


f sin — sin s ^ / (at) da: (SO) 

j 7-1 

(48) since the term in {brackets} appeared from the integral: 

1 

!• 


/ (x) sin dx 


S (Xi) = cos (X.) - sin (X,). 


(a — a + 7) 0 

= forward wave component 


s (X.) = cos (X.) - sin 

= reverse wave component 
e = STT /l ' k 2 =LC [(a - ct) 2 - 7*] 

Xi = 0 f — 0 2 X 2 = 0 « + 0 2 

If the cloud discharges instantaneously, «->-<», and 
(48) reduces to 
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— ir 2 sin 0 

0 (0 2 - 7T 2 


2 

/ * S 7T \ 




cos Xi- j— sin Xi + cos X 2 -sin X 2 J (49) 

It is of some interest to check Equation (48). The 

terminal conditions are satisfied as follows: 

At f = 0, V = 0 because the term inside {brackets} 
vanish 

At t = », V = 0 because the decrement factors 
vanish 

At 2 = ^J-,V = 0 because the term inside {brackets} 
vanish. 

At 2 = -L- , V = 0 because the term inside {brackets} 
vanish 


of Equation (44), where / (x) is the bound charge 
distribution. But the term under the integral of Equa¬ 
tion (50) is the function / (x) multiplied by the Green’s 
function 

oo 

s • siry . s ir x 

G (x, y) = sin — j*- sm —j— . (51) 

A characteristic property of this function is that 

sin sin / (x) dx - J (y) (52) 

Therefore 

-^ + rg + ( rc + gl ^ +lc TF 

= j§-a(a- a+ y) L C e—/ (y) (S3) 

But / (x) was the initial distribution of bound charge. 
Hence, over that portion of the line for which / (y) 
exists, the potential is constrained, and the differential 
equations do not hold. But beyond the distribution of 
bound charge the line is not under an artificial con¬ 
straint, and obeys the differential equation, since 
/ (y) — 0 for such points. After infinite time, or for an 
instantaneous cloud discharge, the right hand side of 
(53) is zero and then the differential equation is satis¬ 
fied at all points. But while the discharge is going on, 
the differential equation does not hold except for 
points external to the distribution / (x). 
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Equation (48) shows that the potential distribution 
at any instant may be regarded as consisting of forward 
and reverse traveling waves S (X,) and S (A,) respec¬ 
tively, multiplied by the same attenuation factor e - "', 
and a term (— e~"' cos 6 Z ) which exists only over that 
time interval during which the cloud is discharging. 
This latter term is fixed in space and vanishes as the 
cloud discharges. At t = 0 it exactly cancels the con¬ 



tributions of the traveling waves, so that there is no 
potential on the line at that first instant. Thereafter, 
this fixed distribution of potential falls in value while 
the traveling waves move out, and its cancellation 
effect diminishes as the cloud discharge reaches com¬ 
pletion. This term has no real or physical existence. 
It is simply a mathematical compensating function 
which accounts for the growth and development of the 
traveling waves during their formation period. 

Numerical Solution of Equation (48). Equation (48) 
converges so slowly, that all odd harmonics up to 
(s=2 l) f where l is the length of the line, must be 
included, before the series may be terminated. This 
means that a point by point substitution is out of the 
question. However, the convergency factor C (s, k) 
is a smooth curve which remains positive over this 
range of s, and the trigonometric terms do not give an 
excessive number of oscillations before their contribu¬ 
tions become negligible. If is an individual 

harmonic of Equation (48), and if the magnitudes of 
successive harmonics are near enough together to allow 
the construction of a smooth continuous curve, then as 
approximation 

0O 8~t 

1 1 


= \ (» average) ( 


Area u nder curve \ 
Length of base / 


(54) 


The procedure then is: 

1. Plot curves of C (s, k) ~ « with a as parameter, 
Pig. 27. 

2. Plot curves of [0 (s, k) . cos 0 z] ~ s with 2 as 
parameter. Fig. 27. For each 2 find the area under the 
curve with a planimeter, and the average ordinate from 
(54). Multiply these ordinates by e for required 
values of t, and plot the family of curves shown as 
D (z, t) in Fig. 28. 

3. Plot curves of [G (s, k), S (X)| ~ s with X as 
parameter, and find average ordinate as in 2, above. 
These values are plotted as W (A) in Fig. 28. This is 
the fully developed traveling wave (neglecting attenua¬ 
tion). 

The potential distribution at any instant is then 
given by 

V « D (z, t.) +W (X,) + IV (X.,)! (55) 


Combining the waves W (X,) and W (X,.) at their 
proper space phase, with the term 1) (z, l) t wave forma¬ 
tions such as shown in Pig. 11 were obtained. 

It is quite evident that solutions such as (48) are of 
little value for obtaining numerical results. Their 
application is limited to bound charge distributions and 
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cloud discharge rates which can be expressed by very 
simple analytic functions, such that the integrations 
required by Equation (44) can be performed. Even 
when these integrals can be found, and the equation 
brought down to the form of Equation (48), it is a long 
tedious task to calculate and plot the curves, find their 
areas with a planimeter, and finally combine the com¬ 
ponents to obtain the wave formations. 








Report of the Board of Directors 

FOR THE FISCAL YEAR ENDING APRIL 30, 1929 


The Board of Directors of the American Institute of Electrical Engineers presents herewith to the membership 
its Forty-fifth Annual Report, for the fiscal year ending April 30, 1929. A general balance sheet showing the 
condition of the Institute’s finances on April 80,1929, together with other detailed financial statements, is included 
herein. The following is a brief summary of the principal activities of the Institute during the year, more detailed 
information having been published from month to month in the Institute Journal. 


Directors’ Meetings. —The Board of Directors held 
seven meetings during the yeai’, five in New York, 
one at Denver, Colorado, and one at Cincinnati, Ohio. 
The Executive Committee acted upon various matters 
during intervals between Board Meetings. 

Information regarding the more important activities 
of the Institute which have been under consideration 
by the Board of Directors, the committees, and the 
various officers is published each month in the section 
of the Journal devoted to “Institute and Related 
Activities.” 

President’s Visits. —President Schuchardt has at¬ 
tended various national conventions and regional 
meetings, also Section and Student Branch meetings, 
during the past year. 

The following is a list of places visited in addition 
to many trips to Institute headquarters at New York: 
Spokane, Wash. (Pacific Coast Convention); St. Louis, 
Mo.; Madison, Wis.; Atlanta, Ga., (Regional Meeting); 
Washington, D. C.; Schenectady, N. Y.; Milwaukee, 
Wis.; Chicago, Ill.; Toronto, Ont.; Cincinnati, Ohio 
(Regional Meeting); Ithaca, N. Y.; Urbana, Ill. (Joint 
meeting of Urbana Section and Purdue University 
and Rose Polytechnic Institute Branches). During 
May and June the president will attend the Dallas 
Regional Meeting, Section meetings at Cleveland and 
Akron, Ohio, and the annual Summer Convention at 
Swampscott, Mass. 

Meetings. —Three national conventions of the In¬ 
stitute were held during the year, namely, the Summer, 
Pacific Coast, and Winter. Regional meetings under 
the auspices of the Geographical Districts were held 
in New Haven, Conn., District No. 1; Atlanta, Ga., 
District No. 4; Cincinnati, 0., District No. 2. 

Annual Meeting.— -The Annual Business Meeting 
was held at the Cosmopolitan Hotel, Denver, Colo., 
on Tuesday morning, June 26,1928, during the annual 
Summer Convention. The Annual Report of the Board 
of Directors for the fiscal year ending April 30, 1928 
was presented. The Tellers Committee made its report 
upon the election of officers for the administrative year 
beginning August 1, 1928 and upon the ballots cast 
for the proposed constitutional amendments as sub¬ 
mitted to the membership, under date of April 2,1928. 
There was an overwhelming vote in favor of the amend¬ 
ments which related to change in date of annual meet¬ 
ing and various matters of policy and administration. 


Summer Convention. —The forty-fourth annual 
Summer Convention was held at Denver, Colorado, 
June 25-29, 1928. Four technical sessions were held 
at which nineteen papers were presented. In addition 
other sessions were held as follows: the Annual Business 
Meeting of the Institute, a lecture on “Geophysical 
Methods of Prospecting,” by Dr. C. A. Heiland, and 
two sessions at which fifteen technical committee 
reports were presented. The Annual Conference of 
Officers and Delegates under the auspices of the 
Sections Committee was held on Monday, June 25; 
forty-six Sections being represented. The entertain¬ 
ment features included golf arid tennis tournaments, 
a dinner, and an all-day sightseeing trip. About five 
hundred members and guests attended. 

Pacific Coast Convention. —The seventeenth Pacific 
Coast Convention was held at Spokane, Washington, 
August 28-31,1928. At five technical sessions nineteen 
technical papers and an address were presented. Two 
student sessions were held at which nine papers were 
presented. Various social events completed the pro¬ 
gram. Attendance about two hundred and fifty. 

Winter Convention.— The seventeenth Winter Con¬ 
vention was held in New York, N. Y., January 28- 
February 1,1929. At nine sessions forty-two technical 
papers were presented. At another session the Edison 
Medal was presented to Dr. Frank B. Jewett and a 
lecture on “Electricity and Chemistry, Team-mates in 
Progress,” by Dr. Harrison E. Howe was given. 
Numerous inspection trips, a smoker, and a dinner- 
dance were held. Attendance about two thousand. 

Regional Meetings. —Three Regional Meetings were 
held during the year:—the first in District No. 1 at 
New Haven, Conn., May 9-12, 1928. Five technical 
sessions comprising eighteen papers were held, and also 
a student session with nine papers presented by students. 
Attendance about five hundred. Second, at Atlanta, 
Ga., District No. 4, October 29-31,1928. Five technical 
sessions were held at which thirteen papers were pre¬ 
sented. A general session was held at which two 
lectures were given and a student session at which five 
papers were presented. Attendance about six hundred. 
Third, at Cincinnati, Ohio, District No. 2, March 20- 
22, 1929. Four technical sessions were held at which 
seventeen papers were presented; a student session was 
also held. Attendance two hundred and seventy. 
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Sections. —While maintaining their interest in purely 
technical and moderately technical subjects, the Sec¬ 
tions have given more attention than heretofore to 
methods of encouraging their members to participate 
in the meetings and in public affairs involving engineer¬ 
ing. Their responsibilities toward the students and 
recent graduates have received much attention. 

President Schuchardt’s deep interest in these phases 
of Section activity resulted in the arrangement of a con¬ 
siderable number of special programs, in many of which 
he participated, and his messages in the Journal 
dealing with the duties and opportunities of Sections 
attracted wide attention. 

The Sections within five geographical districts 
cooperated in the planning and conduct of the Pacific 
Coast Convention and three Regional meetings. 

The New York Section decided to establish a number 
of groups in order to extend the activities to a larger 
number of members, particularly the younger men. 
The Power Group was organized and others under 
consideration include Transportation, Communication, 
and Illumination Groups. The Chicago Section is 
contemplating the establishment of several groups. 

Copies of the first annual report on Section and 
Branch activities were distributed at the conference of 
officers and delegates held in Denver during the Sum¬ 
mer Convention. It was decided that a further trial 
of the present plan of preparing these reports should be 
continued for at least two more years. 

As a result of the recommendations of a special com¬ 
mittee appointed by President Gherardi early in 1928, 
the Sections were requested in a letter dated October 
81,1928, to encourage their members who were qualified 
for transfer to a higher grade to submit their applications. 

Many of the Sections held joint meetings with 
neighboring Student Branches, some programs being 
supplied entirely by students, and others including 
both students and practising engineers. Notable 
among the latter type were several programs designed 
to assist the students to learn what the industry will 
expect of them after graduation. Several very success¬ 
ful student conventions were sponsored by Sections. 

New Sections were organized at Dallas and Houston, 
and both have been very active. The formation of a 
North Carolina Section was authorized by the Board of 
Directors on March 21, 1929. 

Student Activities. —The Branches have shown 
great activity during the year both in the holding of 
individual meetings and in participation in special 
meetings with other Branches and with the Sections. 

Conferences on Student activities involved the 
Committees on Student Activities and Branch Chair¬ 
men of seven geographical districts. Also, conferences 
involving smaller groups of Branches were held in 
Pittsburgh and at Ohio State University. 

Seven Student Conventions were held, three spon¬ 
sored by District Committees on Student activities, 
three by Sections, and one by a Student Branch. 


The number of talks delivered at Branch meetings 
by students was considerably greater than during the 
previous year. 

President Schuchardt’s messages in the Journal 
included several of deep interest to students and recent 
graduates. 

Special efforts were made during the year to encourage 
young men whose periods of enrolment as Students 
expired and other recent graduates to apply for admis¬ 
sion as Associates. 

All Counselors were invited to send to headquarters 
lists of names and addresses of graduates of their schools 
in the last three classes. A large number of names and 
addresses was received and sent to the Sections in the 
territories in which the men are now located. Sugges¬ 
tions regarding methods of forming contacts with these 
men were sent to the Section officers. 

By means of special letter and form, efforts were 
undertaken to ascertain the principal reasons which 
prevent former Enrolled Students from applying for 
admission as Associates immediately after the expira¬ 
tion of their enrolment. 

A revised edition of the Suggested By-laws for 
Student Branches was distributed. Upon recom¬ 
mendations of various District Committees on Student 
Activities and the Committee on Student Branches, 
the Board of Directors took favorable action on several 
matters of importance to the Branches. 

New Branches were authorized at the University 
of Detroit, University of South Carolina, and Cornell 
University, and all have been active. 

Section and Branch Statistics.— 




For Fiscal Year Ending 



April 30 
1923 

April 30 
1925 

April 30 
1927 

April 30 
1929 

SECTIONS 





Number of Sections. 

Number of Section meet- 

46 

49 

52 

54 

mgs held. 

344 

386 

431 

460 

Total Attendance. 

46,672 

49,029 

60,708 

73,254 

BRANCHES 





Number of Branches. 

Number of Branch meet 

68 

82 

95 

100 

ings held. 

503 

548 

842 

940 

Total Attendance. 

26,893 

27,603 

42,650 

47,408 


Meetings and Papers Committee. —The arrange¬ 
ment of programs for national conventions and assis¬ 
tance with programs of regional meetings have been the 
most important duties of the Meetings and Papers 
Committee during the year 1928-29. The committee 
also has reviewed many papers submitted for publica¬ 
tion only and given recommendations on their accepta¬ 
bility. The committee members have furthermore 
assisted the Committee on Award of Institute Prizes 
in selection of papers for prize awards. 

Three national conventions and three regional meet¬ 
ings were held during the year. The technical program 
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of the 1929 Summer Convention is completed; the 
programs for the Pacific Coast Convention and the 
Regional meeting in Chicago are taking definite form 
and consideration has been given to scheduling certain 
papers and topics at the 1930 Winter Convention. 

One hundred and forty-three papers have been pre¬ 
sented during the year including fifteen annual reports 
of Technical Committees. Many excellent contributions 
to the information on the theory and practical applica¬ 
tions of electricity are contained in these papers. 
Through the year a large number of high grade papers 
has been available for use at the various meetings. 

The Code of the Meetings and Papers Committee, 
which is intended as a guide for the activities of the 
Committee and its members, has been revised. The 
revised edition includes many policies which have been 
adopted as a result of the Committee’s experience dur¬ 
ing the last few years. 

Publication Committee. —The plan of publishing 
the Transactions quarterly and printing papers in 
abridged form in the Journal, with complete copies 
available upon request of those desiring more detailed 
information, has now been in effect for sixteen months. 
This period has been long enough to fully demonstrate 
that the new plan has more completely met the require¬ 
ments of the membership and further, that it costs less 
to publish than under the previous plan. 

While the new plan has solved many of the problems 
of the Committee, it was felt by some that the Journal 
would be more widely read and referred to if in addition 
to the present contents, special features were added 
that would be of general interest to the entire member¬ 
ship. For the purpose of obtaining the views of the 
Institute members on this subject, the Committee 
published in the January 1929 issue of the Journal, an 
article outlining in a general way, the proposed changes 
that have been suggested, and asked the members to 
express their opinions as to what changes, if any, should 
be made in the Institute publications. 

A large number of replies has been received and many 
more are expected. From the nature of those received 
thus far, the Committee believes that the survey will 
be of material value in that it will not only determine 
whether any consensus of opinion in regard to Journal 
improvements exists, but will also give further informa¬ 
tion as to the attitude of the members towards the new 
plan in effect since January 1928. Before making an 
analysis of the results of this survey, the Committee 
feels that it would be desirable to hear from more of 
our members, especially from those active in Institute 
affairs 

Beginning with the Quarterly Transactions for 1929 
an authors’ index of the papers and discussors is being 
included in the first three issues in order to facilitate 
the work of looking up references. The last Quarterly 
of the year will contain the complete authors’ index for 
the year in addition to the usual classified subject index. 


Coordination Committee. —The Committee on Co¬ 
ordination of Institute Activities has considered and 
made recommendations to the Board of Directors upon 
various matters coming within its jurisdiction under 
the By-laws. The Committee corresponded with the 
officers of all Districts and Sections and obtained their 
views regarding national and regional meetings during 
the year 1930, resulting in the recommendation to, and 
adoption by, the Board of Directors, in January 1929, 
of a complete schedule of national and regional meetings 
to be held during 1930. 

Other matters considered by the committee included 
qualifications for Student enrolment and organization 
of Student Branches, procedure in reference to appoint¬ 
ment of Counselors of Student Branches, conditions of 
award for student prize papers, appropriation for dup¬ 
licating student papers, and proposed revision of various 
by-laws. 

Standards. —The Standards, committee has con¬ 
tinued its work along recognized lines. There have 
been no important changes in organization nor in 
methods of conducting its work during the past Insti¬ 
tute year. The Standards Committee has received 
valuable assistance from a number of the technical 
committees which have initiated new Standards work 
principally in revising and amplifying existing 
Standards. In this connection, the work of the Trans¬ 
former Sub-committee of the Electrical Machinery 
Committee deserves special mention. An important 
new contribution of this subcommittee has been its 
work on an appendix to Transformer Standards, cover¬ 
ing the important subject of service recommendations, 
with reference to operation at loads greater than rated 
load when air or water temperatures are lower than 
standard. This is still in report status, as outlined in 
the August 1928 Journal. 

A new project first called to the attention of the 
Institute members in the February 1929 Journal, 
and officially recommended to the Board by the 
Standards Committee by action at its meeting held 
May 9, 1929, is the preparation of Test Codes for elec¬ 
trical apparatus. This is an undertaking that may 
prove equal, in magnitude, to the preparation of the 
present Institute Standards. The Institute Standards 
in their present form contain some information and 
rules for testing machinery and apparatus. There has 
developed a need, which the Institute has now under¬ 
taken to supply, for more complete and detailed Stand¬ 
ards of practise covering methods of making tests 
similar in scope to the Power Test Codes prepared by 
the Power Test Code Committee of the A. S. M. E. 

These two new projects—the transformer service 
recommendations and test codes—represent important 
service that, it is hoped, will prove acceptable to the 
industry. 

The more routine work of the Standards Committee 
is represented by a number of new and revised Standards 
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adopted and additional Standards approved as Ameri¬ 
can Standards by the American Standards Association. 
Since May 1, 1928 there have become available eight 
new or revised Standards pamphlets covering standards 
and six specifications. Three reports on proposed 
standards have also appeared. 

Three Standards have been approved as American 
Standards by the A. S. A. There is now a total of 
sixteen Standards approved as American Standards. 

The Institute is at the present time sole sponsor for 
ten projects and joint sponsor for eighteen projects 
under A. S. A. procedure. In addition to the direct 
responsibility represented by these sponsorships, the 
Institute is co-operating with A. S. A. by being repre¬ 
sented on twenty-six additional sectional committees. 

Among new Institute Standard projects under way, 
the following are of unusual interest and importance: 
Mercury Rectifiers, Switchboards and Switchgear, 
and Relays. 

During the year the Standards Committee has 
continued its close cooperation in the technical work of 
the U. S. National Committee of the I..E. C. Follow¬ 
ing the plenary meeting of the I. E. C. at Bellagio, 
Italy, in the fall of 1928, the I. E. C. submitted for 
approval a revision of Publication 34 covering Standards 
of machinery and transformers. The Institute Stand¬ 
ards Committee cooperated in the preparation of the 
statement of the U. S. N. C., disapproving the adoption 
of this document by the I. E. C. and in the preparation 
of the statement of the American proposals to be sub¬ 
mitted to a meeting of the Rating Advisors of the 
I. E. C. to be held in London in the coming summer. 

U. S. National Committee of the I. E. C. —The 
activities of this committee during the past year have 
been chiefly of a routine character. Important Advi¬ 
sory Committee Meetings have been held during the 
year. A meeting of the Subcommittee of the Advisory 
Committee on Nomenclature, for which the U. S. 
National Committee exercises the secretariat, was held 
in Pans in April 1928. At this meeting considerable 
progress was made on the vocabulary which the com¬ 
mittee has in preparation. 

A meeting of the Subcommittee on Symbols for 
Telegraphy and Telephony which was held in Beme in 
April 1928 in conjunction with a corresponding com¬ 
mittee of the International Consultative Committee on 
Long-Distance Telephony resulted in a revised list of 
graphical symbols for telegraphs and telephones being 
prepared for submission to the National Committees. 

A very important meeting'of the Advisory Committee 
on Steam Turbines (Secretariat—U. S. National 
Committee) was held at The Hague in May 1928. 
There were twenty-three individuals from seven nations 
other than the U. S. and Holland in attendance. Great 
progress was made in drafting Rules for Acceptance 
Tests of Steam Turbines. A further meeting of this 
committee is to be held during the coming summer 


and it is expected that a set of international rules cover¬ 
ing steam turbines will be ready for adoption at the 
Plenary Meeting in Stockholm in 1930. 

It is expected that meetings of the Advisory Com¬ 
mittee on Rating of Electrical Machinery and of the 
Advisory Committee on Instruments will be held next 
summer. Preparations for these meetings are under 
way. 

U. S. National Committee of the International 
Commission on Illumination.— The last year has 
been a very important one for this committee inasmuch 
as during it occurred the American Meeting of the 
Commission. The committee was fortunate in enlist¬ 
ing the good offices of the Illuminating Engineering 
Society in making arrangements for this meeting. The 
meeting was attended by about sixty delegates from 
twelve different nations and was held in Saranac, 
New York, from September 22nd to 28th. 

Subsequent to the meeting, the delegates were taken 
on a tour which included New York, Boston, Philadel¬ 
phia, Cleveland, Detroit, Chicago, Niagara Falls, con¬ 
cluding at Toronto where the delegates attended the 
annual convention of the Illuminating Engineering 
Society. 

The Commission has some fifteen technical com¬ 
mittees and considered recommendations and reports 
from the various national committees with a view to 
formulating recommendations for adoption by the 
Commission. 

The technical papers at this meeting covered a 
wide variety of subjects, the practical details of 
lighting practise receiving a large amount of atten¬ 
tion. Discussions of street lighting, automobile head¬ 
lighting, factory and school lighting, residence lighting, 
aviation field lighting, show window lighting, of a 
very thorough-going and valuable character and 
interspersed with other discussions of more specialized 
topics of interest to the photometrists, etc. To the 
other technical committees for which the United States 
National Committee exercises the secretariat were 
added two new ones; viz., the Technical Committee 
on Lighting for Aerial Navigation and the Techni¬ 
cal Committee on General Practical Applications of 
Illumination. 

The Proceedings of the meeting, now being printed, 
will constitute a very notable summary of the present 
state of the art and science of illumination as it exists 
not only in this country but throughout the world. 

The next meeting of the Commission is to be held 
in 1931 in England. 

Committee on Safety Codes. —No new rules for 
the protection of persons or property against fire acci¬ 
dents and other hazards in connection with electrical 
installations and equipments were referred to this 
committee during the year, either from other technical 
committees within the Institute or from bodies outside 
of the Institute. 
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The Institute was represented by one of the members 
of the Committee on Safety Codes at the annual 
Safety Congress held in New York City, October 1 to 
October 5, 1928. The particular committee whose 
activity seemed to be most directly related to the scope 
of the A. I. E. E. activity was the Low-Voltage Electrical 
Committee of the Engineering Section of the National 
Safety Council. 

The National Electric Light Association, which was 
represented at the meeting, reported that it was 
tabulating statistics with respect to accidents caused 
by low-voltage equipment. 

The Committee on Safety Codes was represented at 
the regular annual meeting of the Electrical Committee 
of the National Fire Protection Association on February 
18th and 19th in New York City. Probably the out¬ 
standing feature of the meeting was the general agree¬ 
ment reached with respect to certain controversial 
questions on grounding and wiring methods. 

The committee was represented also at the annual 
meeting of the National Fire Waste Council held in 
Washington on March 26th, 1929. 

Technical Committees. —Reports of Technical 
Committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the annual Summer Convention and 
printed in the Transactions. 

Membership —The additions to, and deductions 
from, the membership are shown in the following table. 
In accordance with the established policy of the Insti¬ 
tute, emphasis has continued to be placed on the quali¬ 
fications of candidates. The total membership as of 
April 30 is 18,138; this indicates a small net loss during 
the year, which is due principally to the deductions as 
shown. There is every indication that the develop¬ 
ment of section, student, and other activities, now in 
progress, will result in a steadily increasing list of 
applicants during the coming years. 



Honorary 

Fellow 

Member 

Associate 

Total 

Membership on 






April 30, 1928.. 

4 

659 

3,163 

14,439 

18,265 

Additions: 






Transferred.... 

4 

38 

219 



New Members 






qualified. 

1 

4 

101 

1,238 


Reinstated. 


1 

13 

85 


Total. 

9 

702 

3,496 

15,762 

19,969 

Deductions: 






Died. 

1 

9 

22 

46 


Resigned. 


1 

20 

328 


Transferred.... 


3 

32 

226 


Dropped. 


2 

43 

1,103 


Membership 






April 30, 1929.. 

8 

687 

3,379 

14,059 

18,133 


Deaths. —The following deaths have occurred dur¬ 
ing the year. 

Honorary Member: Ferdinand Foch. 


Fellows: William Esty, Valeri A. Fynn, Edwin B. 
Katte, William Weaver, Jr., William N. Motter, 
William Pestell, Samuel G. Rhodes, Allen M. Schoen, 
Edgar E. Stark. 

Members: Johan M. Anderson, William F. Benning¬ 
ton, Frederick S. Blackall, Adam Bosch, Charles S. 
Bradley, George Broughall, Thomas Duncan, Rufus 
T. Gent, John C. Hatzel, Basil F. Howard, Benjamin 
N. Jones, Fred A. Jones, Robert C. Jones, Herbert 
Lloyd, John J. Murphy, John G. Pertsch, Jr., Theodore 
C. Roberts, Frank R. Shepherd, William L. Simpson, 
Robert I. Todd, Francis R. Weller, Charles A. Wright. 

Associates: Leo 0. Ambrose, Philip V. Berger, Harley 
S. Berry, Paul T. Brady, Wallace L. Brooks, V. Frank 
Buddeke, John J. Burke, Lester W. Cooper, E. Preston 
Clifford, Robert L. Crawford, John H. Cuntz, Orin D. 
Dausman, Earle N. Dillard, Alex. C. Dogherty, Charles 
N. Fenstermacher, Earl R. Filldns, Arthur L. Freyer, 
Joseph E. Frisbee, Francis M. Garretson, Jr., George 
F. Harrington, William S. Hearding, Francis R. Howe, 
Griffith 0. Hughes, Harold B. James, Gunnar Jensen, 
Samuel J. Keese, James F. Kimbell, Harry R. Knettles, 
Joseph W. Legg, Clarence R. Lininger, Roy B. Mac- 
Pherson, Harry C. Martell, Seizo Misaki, Gilbert 
Mitchell, E. J. Morrissey, Alfred G. Place, Donald K. 
Prossor, William M. Stratton, Harold P. Thomas, 
Walter D. Uptegraff, Lauro G. Villanueva, Frank C. 
Wagner, Charles S. Winston, Cecil F. Wilson, Kyojiro 
Yosugi, Nelson T. Young. 

Board of Examiners. —The Board of Examiners 
held twelve meetings during the past year averaging 
about three and one-half hours. A total of 3115 eases 
were considered, divided as shown in the following 
table: 

Applications for Admission 


Recommended for grade of Associate. 1064 

Not recommended. 20 1084 


Recommended for grade of Member. 97 

Not recommended for admission to this 
grade. 22 119 


Recommended for grade of Fellow. 3 

Not recommended for admission to this 
grade. 2 5 


Recommended for enrolment as Students.. ' 1612 

Applications for Transfer 

Recommended for grade of Member. 229 

Not recommended for transfer to this grade 19 248 

Recommended for grade of Fellow. 45 

Not recommended for transfer to this grade 2 47 


Total number of applications considered.. 3115 
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Institute Prizes. —Four National Prizes and eleven 
Regional Prizes for papers were awarded during the 
year, as announced through the Institute Journal. 
These prizes were for papers presented at Institute 
meetings during 1927. The National Prizes were pre¬ 
sented at the 1928 Summer Convention and the 
Regional Prizes at various meetings in the respective 
Districts. The National Prizes consist of $100.00 
each and a certificate, while the Regional Prizes con¬ 
sist of $25.00 cash and a certificate. 

Scholarships. —The governing bodies of Columbia 
University have placed at the disposal of the Institute 
each year a scholarship in electrical engineering for 
each class. The awards are made annually by an Insti¬ 
tute committee. The scholarships pay $350 toward 
annual tuition with provision for reappointment. An 
award was made for the academic year 1928-9 to 
Walter L. Lawrence. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secretary 
of the Institute. 

Edison Medal. —The Edison Medal, founded by 
associates and friends of Thomas A. Edison, is awarded 
annually by a committee consisting of twenty-four 
members of the Institute "for meritorious achievement 
in electrical science, electrical engineering, or the 
electrical arts.” The medal for 1928 was awarded to 
Frank B. Jewett, “for his contribution to the art of 
electrical communication,” The presentation took 
place at the Winter Convention of the Institute, Janu¬ 
ary 30,1929. 

John Fritz Medal. —The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical, and 
Electrical Engineers, awarded the twenty-fifth medal 
to Herbert Clark Hoover, “Engineer, Scholar, Organizer 
of Relief to War-Stricken Peoples, Public Servant.” 
The medal was presented by the Board of Award at the 
Executive Mansion, Washington, D. C., Tuesday, 
April 25,1929. 

Lamme Gold Medal. —The Lamme Medal was 
founded as a result of a bequest in the will of the late 
Benjamin G. Lamme, Chief Engineer of the Westing- 
house Electric and Manufacturing Company, who 
died on July 8, 1924. The bequest provides for the 
award by the Institute of a gold medal (together with a 
bronze replica thereof) annually to a member of the 
A. I. E. E. “who has shown meritorious achievement in 
the development of electrical apparatus or machinery” 
and for the award of two such medals in some years if 
the accumulation from the funds warrants. 

The Lamme Medal Committee of the Institute has 
awarded the first (1928) Lamme Medal to Mr. Allan 
Bertram Field “for the mathematical and experimental 
investigation of eddy current losses in large slot-wound 
conductors in electrical machinery.” Arrangements 


are being made for the presentation of the Medal at 
the annual Summer Convention at Swampscott, Mass-, 
June 24-28. 

Commission 6f Washington Award. —The Wash¬ 
ington Award for 1929 was made to Bion J. Arnold 
“for pioneering work in the engineering and economics 
of electrical transporation.” Mr. Arnold is the second 
past-president of the A. I, E. E. to receive this honor. 

The award is made annually “to an engineer whose 
work in some special instance, or whose services in 
general have been noteworthy for their merit in pro¬ 
moting the public good,” by a committee composed of 
nine representatives of the Western Society of Engi¬ 
neers and two each from the A. S. C. E., the A. I. M. E -, 
the A. S. M. E., and the A. I, E. E. 

Employment Service. —The employment service 
which the Institute has maintained for many years is 
conducted as a cooperative bureau in conjunction 
with a similar service maintained by the National 
Societies of Civil, Mining, and Mechanical Engineers 
under the title, “Engineering Societies Employment 
Service.” In addition to the main office in the En¬ 
gineering Societies Building, New York, offices have 
been opened in Chicago in cooperation with the Western 
Society of Engineers and in San Francisco under similar 
arrangements with the California Section, American 
Chemical Society, and Engineers Club of San Francisco. 
It is hoped to continue this development from year to 
year as conditions warrant. The service is supported 
by the joint contributions of the societies and their 
individual members who are benefited. As in the past 
it consists principally in acting as a medium for bringing 
together the employer and the employe. In addition 
to the publication of the “Employment Service Bulle¬ 
tin” in the monthly Journal, weekly subscription 
bulletins are issued for those seeking positions. 

American Engineering Council. —Since the organ¬ 
ization of American Engineering Council nearly nine 
years ago, Council has experienced a steady normal 
growth. It now comprises twenty-five national, state, 
and local engineering societies which have an individual 
membership of over 44,000 professional engineers. 
Last December the American Society of Civil Engineers 
voted to become a member of Council, and has since 
been admitted. 

Council represents its constituents at conferences, 
conventions, and on important national committees, 
and at Congressional hearings upon matters involving 
engineering. * It also extends valuable individual ser¬ 
vice to its member organizations. On matters of con¬ 
cern to the entire engineering profession Council has 
conducted several notable surveys. During 1928 it 
completed a report on Street Traffic Signs, Signals, and. 
M ar kin g s. It is now engaged in a movement through 
the engineering organizations to have the report presented 
for consideration of municipal authorities. 

Council also, in cooperation with the National 



July 1929 


REPORT OP BOARD OP DIRECTORS 


1071 


Bureau of Economic Research, completed its portion 
of the survey on Recent Economic Changes. It has 
actively supported measures providing for an inventory 
of our water resources; measures providing for equitable 
status of sanitary engineering; a more extensive appro¬ 
priation for topographic mapping; the unification and 
coordination of governmental public works functions; 
the establishment of a national hydraulic research 
laboratory, etc. 

Council has continued the publication of a quarterly 
known as “A. E. C. Bulletin” and also supplies to 
national member organizations a monthly engineering 
news letter. The following are some of the committees 
in active operation: Public Affairs; Publicity and 
Publications; Flood Control; Government Reorganiza¬ 
tion; Patents; Power; Research Program; Reforestation; 
Street and Highway Safety; Communications; Finance; 
Uniform State Mechanics Lien Act. 

United Engineering Society. —This Society per¬ 
forms for the national societies of Civil, Mining, Me¬ 
chanical, and Electrical Engineers, certain specific acts 
which are governed by contracts; the primary function 
of the United Engineering Society being to hold in trust 
and to administer for these societies the Engineering 
Societies Building, in which the headquarters of the 
national societies are located. 

Extracts from the annual financial report of the 
United Engineering Society were published in the 
March 1929 Journal. 

Engineering Societies Library. —The library of 
the Institute is combined with the libraries of the 
national societies of Civil, Mining, and Mechanical 
Engineers, administered as the “Engineering Societies 
Library” under the direction of the Library Board of 
the United Engineering Society; this board is com¬ 
posed of representatives of each of the four societies 
referred to above. 

In order to place the facilities of the library at the 
disposal of persons residing at a distance from New 
York, a Library Service Bureau has been established, 
and a staff of expert searchers and translators is em¬ 
ployed to cover almost any engineering topic, in the 


following manner: abstracting, translating, biblio- 
graphing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, 
etc. A lending department is also maintained. 

A copy of the annual report of the Engineering So¬ 
cieties Library covering the calendar year 1928 may 
be obtained by applying to Institute headquarters. 

Engineering Foundation. —Engineering Founda¬ 
tion is a trust fund established in 1914 by Ambrose 
Swasey, of Cleveland, Ohio, by gifts to United Engi¬ 
neering Society as a nucleus of a large endowment 
“for the furtherance of research in science and in engi¬ 
neering, or for the advancement in any other manner 
of the profession of engineering and the good of man¬ 
kind.” The fund has been generously increased through 
the gifts of Edward D. Adams and others, and also 
through bequest under the will of the late Henry R. 
Towne. It is administered by the Engineering Founda¬ 
tion Board upon which the Institute and other national 
engineering societies are represented. The Board is a 
department of United Engineering Society. 

The Foundation has made appropriations for various 
research projects and has cooperated in others. 

An abstract of the annual report of the Foundation 
was published in the Journal for May 1929 and a 
complete report is available in printed form. 

Representatives. —The Institute has continued its 
representation upon various national committees and 
other local and national bodies with which it has 
been affiliated in past years, and has accepted sponsor¬ 
ship and appointed representatives upon a number 
of new Sectional Committees of the American Standards 
Ass ociation. A complete list of representatives is 
published frequently in the Journal. 

Finance Committee. —During the year the com¬ 
mittee has held monthly meetings, has passed upon the 
expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in 
the Constitution and By-laws. 

Haskins and Sells, certified public accountants, have 
audited the books, and their report follows: 


New York, May 22,1929. 


Respectfully submitted for the Board of Directors, 

F. L. HUTCHINSON, 

National Secretary. 
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HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 

OFFICES IN THE PRINCIPAL CITIES OF NEW YORK CENTRAL BUILDING 

THE UNITED_STATKOF AMERICA 75 EAST 45TH STREET 

London. Paris. Berlin, Shanghai, Manila. 

Montreal, Havana. Mexico city 


American Institute of Electrical Engineers, 
33 West 39th Street, 

New York. 


May 20, 1929. 


Dear Sirs: 

We have made a general audit of your accounts for the year ended April 
30, 1929, and submit the following exhibits and schedule: 

Exhibit 

A—Balance Sheet, April 30,1929. 

Schedule 1—Reserve Capital Fund—Securities. 

B—Summary of Income and Profit and Loss for the Year Ended 
April 30, 1929. 

We Hereby Certify that in our opinion Exhibits A and B, respectively, 
correctly set forth the financial condition of the Institute at April 30, 1929, 
and the results of its operations for the year ended tha t date. 

Yours truly, 

Haskins & Sells 
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Exhibit A. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Balance Sheet, April 30, 1929 


ASSETS 

Real Estate: 

One-fuurth interest in United Engineering 
Society's Lund, Building, and Building Equip¬ 
ment, 25 to 23 West 39th Street, (depredation 
carried on books of the United Engineering 

Society). $493,352.60 

Equipment: 

Library—Volumes and fixtures... $ 41,452.30 

Works of art, paintings, etc. 3,001.35 

Oflice furniture and fixtures. $28,003.45 

Less reserve for depreciation (in¬ 
cluding $7,431.79 funded). 12,243.05 15,759.80 


Total equipment 
Working Assists: 
"Transactions,” etc.... 
Text ami cover paper.. 
Badges. 


60,213.45 


$ 4,796.00 
3,700.10 
1,931.54 


LIABILITIES 


Current Liabilities: 

Accounts payable. $ 9,905.27 

Dues received in advance. 2,823.17 

Entrance fees and dues advanced by applicants 

for membership. 519.85 

Subscriptions for "Transactions” received in 
advance. 24.00 


Total current liabilities. $ 13,272.29 

Fund Reserves (Not Including Depreciation Reserve) : 

Reserve Capital Fund. $171,370.63 

Life Membership Fund. 11,427.40 

International Electrical Congress of St. Louis— 

Library Fund. 4,248.19 

Mailloux Fund. 1,022.50 

Lamme Medal Fund. 4,886.07 

Midwinter Convention Fund. 26.70 


Total working assets, 


10,427.64 


Current Assets: 


Total fund reserves (not including depre- 


Cash. 

Note receivable... 

Accounts receivable: 

Members—For dues... 

Advertisers.... 


$ 23,273.56 
437.50 

22,664.01 

1,179.50 

8,081.05 

2,529.89 

Miscellaneous. 

Accrued interest on investments.... 


Total current assets.. 

Funds: 

Reserve Capital Fund: 

Securities—Schedule 1. 

Life Membership Fund; 

$ 6,525.41 

$ 4,868.75 
33.33 

$171,370.03 

Chicago, Burlington & Quincy Rail¬ 
road Company 4% bonds, 1058, 
registered, par value, $5,000.00. 
Accrued inturat. 

11,427.49 

International Electrical Congress of 
St. Louis—Library Fund: 

Cash.. 

New York City 444% corporate 
stock, 1957, par value, $2,000.00 
New York Telephone Company 
444% bond, 1939, registered, 

liar value, $1,000.00. 

Accrued interest.. 

$ 1,097.89 

2,204.05 

878.75 

67.60 

4,248.19 

Mailloux Fund: 

New York Telephone Company 
4 44% bond, 1939, registered, 

par value, $1,000.00. 

Accrued interest. 

$ 1,000.00 
22.50 

1,022.50 

Lamme Medal Fund: 

Cash.... 

$ 456.07 


Baltimore and Ohio Railroad Com¬ 
pany 6% refunding and general 
mortgage series "C" bond, 1995, 
registered, par value, $4,000.00 
Accrued interest.. 

4.330.00 

100,00 

4,886.07 


Depreciation of Furniture and Fixtures Fund: 

Cash. $ 3,421.79 

Cleveland Union Terminals Com¬ 
pany 6% sinking fund series 
"B M gold bonds, 1973, regis¬ 
tered , par value, $4,000.00 . 4,010.00 7,431 • 79 


Midwinter Convention Fund: 

Cash.. 26.70 


Total funds, 
Total. 


ciation reserve). 192,981.5 8 

Surplus, Per Exhibit "B". $616,319.20 


ciation reserve). 192,981.5 8 

Surplus, Per Exhibit "B". $616,319.20 
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Exhibit B. 


AMERICAN INSTITUTE OP ELECTRICAL ENGINEERS 

SUMMARY OP INCOME AND PROFIT AND LOSS FOR THE YEAR ENDED APRIL 30, 1929 


Income: 


Dues. 



Students*fees.. . 


*$227,274.03 

Entrance fees. 


iu t /y^,uu 

Transferfees. 

Advertising. 

Journal subscriptions. 


10,000. UO 
1,315.00 
84,790.80 

“Transactions’* subscriptions 

Misecllaiieous sales... 


20,737.41 

1 1 OCR A K 

Badges sold. 

© A (Y7Q 7H 

Al.UoO. 40 

Less cost. 

* • *> 40 

q rqq oq 

A*70 on 


. • o,oyy,yo 

4/0.82 

Interest on securities in reserve capital fund 
Interest on bank balances. 

7,942.29 
1 487 46 

Interest on securities in depreciation reserve fund. 

250.00 


‘ ll .*. $3S9,65$. IS 

Expenses: 

Publications: 


Journal. 

“Transactions'’. 

Year Book. 

Miscellaneous. 

Institute meetings. 

Atlministrative expenses. 

Sections. 

Membership. 

Standards... 

Finance. 

Code committees. 

Technical committees. 

Edison Medal. 

Geographical districts* expenses: 
Traveling expense: 

Executive committee. 

Vice-Presidents. 

Speaker's bureau. 

Best Paper Prize. 

First Paper Prize. 


$84,832.06 

37,316.67 

8,668.32 

5,537.64 $136,354.59 

. 21,300.52 

. 60,803.98 

. 34,516.31 

. 7,323.40 

. 9,826.74 

. 400.00 

. 60.00 

. 163.30 

. 156.44 


$ 1,958.73 
673.46 
107.24 
100.00 

100.00 2,939.43 


Branches. 10,387.38 

American Engineering Standards Committee. 1,500.00 

Internaiional Electrotechnical Commission. 1,152.18 

Forward. $286,884.27 $380,658.18 


Total Income—Forward. $389,658; IS 

Expenses—(Forward). $286,884.27 

United States National Committee of Inter¬ 
national Commission on Illumination. 300.00 

Louvain Memorial. 200.00 

President’s special appropriation. 668.58 

Board of Directors, traveling expenses. 4,454.23 

National Nominating Committee, traveling 

expenses. 893.47 

Institute representatives, traveling expenses. 109.73 

Honorary Secretary. 4,000.00 

Engineering Societies Library, maintenance. 9,334.71 

United Engineering Society assessment. 5,237.43 

American Engineering Council. 17,673.50 

Engineering Societies Employment Service. 1,635.00 

Institute prizes. 400.00 

Total . 331,790.93 

Net Income. $ 57,867.26 

Profit and Loss Credits: 

Adjustment of “Transactions’* inventory. $ 458.59 

Profit on redemption of Cleveland Union Termi¬ 
nals Company 5% sinking fund scries “B“ gold 
bond, 1973, registered, par value, $1,000.00 
(D epreciation Reserve Fund). 47.50 

Total . 506.09 

Gross Surplus for the Year. $ 58,373,35 

Profit and Loss Charges: 

Uncollectible dues and members charges written 


olf ;.;. $ 11,628.68 

Furniture, fittings, and equipment scrapped or 


sold—Net. 130.25 

Provision for depreciation of furniture and fixtures 2,092.91 

Total . 13,851.84 

Surplus for the Year. $ 44,521.51 

Surplus, May 1 , 1928.;. $599,472.69 

Less transferred to Reserve Capital Fund in 
accordance with resolution of the Board of 

Directors. 27,675.00 571.797.69 

Surplus, April 30, 1929. $616,319.20 


♦Includes $91,325.00 allocated to Journal subscriptions. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Reserve Capital Fund—Securities 
April. 30. 1929 


Ex IIi hit A. 

Schedule No. 1, 

Par Value Book Value 


Railroad Bonus: 

Baltimore and Ohio Railroad Company 4 14% con¬ 
vertible go id bonds, clue 1933,registered.$ 10,000.00 $ 9,387.50 

Baltimore ami Ohio Railroad Company 6% refund¬ 
ing and general mortgage series * 4 C" bonds, due 


1995, registered... 

8,000.00 

8,940.00 

Central of Georgia Railway Company refund¬ 

ing and general mortgage series "B" bonds, due 

5,000.00 

5,283.75 

Chicago mid Erie Railroad Company 5% first mort¬ 
gage gold bonds, due 1982, registered. 

1,000.00 

1,105.00 

Chicago, Burlington & Quincy Railroad Company 
5*;;, first and refunding mortgage series "A" gold 

1,000.00 

1,010.00 

Chicago, Terre Haute & Southeastern Railway Com¬ 
pany first amt refunding mortgage gold bonds, 

due 1900. 

8,000.00 

7,940.00 

Morula East Coast Railway Company 5% first and 
refunding mortgage series “A" gold bonds, due 
197*1, registered.. 

10,000.00 

9,818.75 

Great Northern Railroad Company 5#% general 
mortgage tieries "B" gold bonds, due 1952, 
registered. 

10,000.00 

9,847.60 

St. Louis, San Franeisen Railway Company 5% 
prior lien mortgage series "B” bonds, due 1950, 
registered. 

6,000.00 

5,497.50 

Southern Railway Company 5% first consolidated 
mortgage gold bonds, due 199*1, registered. 

1,000.00 

980.00 

The New York Central Railroad Company 5% 
refunding and improvement mortgage series “C" 
bonds, due 2013, registered. 

6,000.00 

5,742.60 

The Pennsylvania Railroad Company dyi% general 
mortgage series M A'* gold bonds, due 1965, 

5,000.00 

5,130.00 


Total (Furwanl).* 71,000.00 * 70,682.00 


Par Value Book Value 
Total (Forward)... $71,000.00 $ 70,682.50 


Public Utility Bonds: 

Consolidated Gas Company of New York 5}4% gold 

debentures, due 1945, registered.$ 5,000.00 $ 5,187.50 

Duquesne Light Company, 4>4% first mortgage 

series “A” gold bonds, due 1967, registered. 3,000.00 2,970.00 

New York Telephone Company debenture 6% gold 

bond, due 1949. . 5,000.00 5,525.00 

Northern States Power Company 5#% first lien 
and general mortgage gold bond, series '*B, M due 

1950. 10,000.00 10,400.00 

Pacific Gas & Electric Company first and 

refunding mortgage gold bonds, due 1952, 

registered .*. 5,000.00 5,137.50 

Philadelphia Company secured 5% gold bond, scries 

"A," due 1967. 10,000.00 10,000.00 

The American Telephone and Telegraph Company 
5% gold debentures sinking fund, due 1960, 

registered. 15,000.00 14.625.00 

The Detroit Edison Company 6% first and refunding 
mortgage series "B" gold bonds, due 1940, 

registered. 5,000.00 5,178.13 

United Light and Power Company 5#% first lien 

and consolidated mortgage gold bond, due 1959.. 5,000.00 4,975.00 

Total.$ 63,000.00$ 63,998.13 

Industrial Bonds: 

American Smelting and Refining Company 5% first 
mortgage 30-year series “A” gold bonds, due 1947, 

registered....$ 9,000.00 $ 9,085.00 

Bethlehem Steel Company 5% purchase money and 
improvement mortgage 20-year sinking fund gold 

bonds, due 1936, registered. 5,000.00 5,033.75 

New York Steam Corporation 6% first mortgage gold 

bonds, due 1947, registered. 10,000.00 10,837.50 

The Western Electric Company 5% bonds, due 1944, 

registered. 10,000.00 9,818.75 

United States Rubber Company 5 % first and refund- . 
ing mortgage series "A** bonds, due 1947, registered 2,000.00 1,915.00 

Total.$ 36,000.00$ 36,600.00 

Total.$170,000.00 $171,370.63 
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